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1 . I received a Bachelor of Science in Chemistry from St. Norbert College in 1953; a 
Master of Science in Chemistry from Iowa State University in 1956; a Master of Science in 
Geology from Iowa State University in 1957; and a Ph. D. in Geology-Chemistry from Iowa 
State University in 1959. 

2. I have been a certified professional geologic scientist since 1967 and am a Fellow 
of the American Association for the Advancement of Science. 



3 . From 1959 through 1 990, 1 was a professor at the Colorado School of Mines, for 
which employment I have been designated as a Professor Emeritus. During 1964 through 1967, 1 
was on leave from the Colorado School of Mines and was initially an Associate 
Director/Consultant and later a Director of the Earth Science Curriculum Project for the 
American Geological Institute. I was a co-founder of Earth Sciences, Inc., (at one time the parent 
of both ADA Environmental Solutions, LLC and ADA Environmental Solutions, Inc.) and have 
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been employed by the company from 1972 to present. During my career, I have been involved in 
a wide diversity of areas including resource exploration and development, soil geochemistry, 
weathering, exploration geochemistry, analysis of mechanisms of silicate reactions, collection 
and determination of trace elements, and utility flue gas contaminant removal. Since 1997, 1 
have been involved on behalf of ADA Environmental Solutions, Inc., in analyzing the results of 
full-scale testing of additives utilized in coal-fired power plants. These analyses were performed 
to understand the mechanisms of key reactions involved and attempt to move from the art to 
science" with the ultimate goal of predicting behavior of other additives. 

4. In these areas, I have authored, solely or jointly with others, 27 published articles 
and two books. 

5. I submit that I am qualified to testify as to the understanding of one of ordinary 
skill in the relevant arts of chemistry and geochemistry at the time the above-identified 
application and the provisional application (from which the above-identified application claims 
priority) were filed. - 

6. I am a shareholder (less than 5% of the outstanding stock), Chairman of the Board 
of Directors, and a part-time employee of ADA Environmental Solutions, Inc., which wholly 
owns ADA Environmental Solutions, LLC, the assignee of the above application. I am not an 
inventor of the above application. 

7. In connection with the Office Action mailed January 29, 2004, 1 reviewed the 
following documents: (a) the Office Action; (b) U.S. Patent 6,484,651 to Shepard, Jr., et al. ("the 
Shepard Patent"); (c) the above application ("the Subject Application"); and (d) U.S. Provisional 
Application Serial No. 60/213,915, filed June 26, 2000, entitled "Low-Cost Technology to 
Improve Operation of Cyclone Furnaces Firing Low-Sulfur Western Coals" ("Provisional 
Application") from which the Subject Application claims priority. 
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8. At the outset, it is important to understand that, in certain embodiments, the 
Provisional Application, Subject Application, and Shepard Patent are directed to the same 
invention. They each disclose the combustion of the same fuel in the same type of combustion 
chamber in the presence of the same iron-bearing material additive under the same temperature 
regime. The fuel is a low sulfur western or eastern coal (see, e.g., Provisional Application at 
pages 1 and 3; Subject Application at Figure 2, page 2, lines 15-17, page 3, lines 9-12, page 4, 
lines 3-4 and 7-9, and page 6, lines 4-5; and Shepard Patent at col. 1, line 62-col. 2, line 3, col. 3, 
lines 26-34 and 55-57and Fuels 3 and 4). The combustion chamber is a "slag tap" or "wet 
bottom" boiler, such as a cyclone-type boiler (see, e.g., Provisional Application at pages 1-5 and 
7-8; Subject Application at Figure 1, page 1, lines 18-26, page 5, lines 16-17, page 6, lines 4-5 
and 15-18, and page 18, lines 12-13; and Shepard Patent at col. 2, lines 7-8, col. 4, lines 7-10). 
The iron-bearing material is mill scale from steel production or dust from blast furnace gas 
cleaning equipment (see, e.g., Provisional Application at pages 4 and 6; Subject Application at 
page 12, lines 7-12; and Shepard Patent at col. 4, lines 15-16, col. 8, lines 4-5). The temperature 
regime is that necessary to combust the solid fuel and melt the ash content of the fuel to form 
slag, (see, e.g., Provisional Application at pages 1-5 and 7-8; Subject Application at page 2, lines 
14-15, page 6, lines 4-5 and lines 15-18, Figures 7-8 and page 20, lines 1-21; and Shepard Patent 
at col. 2, lines 4-50, col. 5, lines 10-50). In chemistry, it is elementary that the use of the same 
reactants under the same reaction conditions in the same reactor will produce the same results. 
Thus, the various claim limitations discussed below are inherent in the disclosures of the 
Provisional and Subject Applications. 

9. At page 3 of the Office Action, the Examiner states that the carbon compound 
limitation of claim 1 of the Subject Application, namely that "at least one carbon compound 
promoting reduction of iron oxides" be introduced along with the iron-bearing material, fails to 
comply with the written description requirement of 35 U.S.C.§ 1 12, first paragraph, because the 
limitation was not described in the specification of the above application in such a way as to 
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reasonably convey to one skilled in the relevant art that the inventor(s), at the time the 
application was filed, had possession of the claimed invention. 

10. I disagree. Although the Shepard patent fails to identify the precise carbon 
compound(s) referenced by this phrase, it states at col. 8, lines 13-16, that "[cjarbon may be 
present in the iron-bearing materials in the form of, for example, blast furnace flue dust, or 
carbon may be added to these materials to promote reduction of the iron oxides to more readily 
flux the fuel ash." From this sentence, it is my understanding that the carbon referenced in the 
Shepard patent is in the form of elemental carbon, coke, and/or hydrocarbons. The Subject and 
Provisional Applications each reference a number of carbon compounds that would be 
understood by one of ordinary skill in the art to promote reduction of iron oxides, such as 
hematite, magnetite, and wustite, under the thermal conditions of the combustion chamber. 
These compounds include hydrocarbons in the coal feed itself (Provisional Application at page 7 
and Subject Application at page 6, lines 6-14); oils and greases (Provisional Application at page 
4 and Subject Application at page 12, lines 14-17); xanthum gum (Provisional Application at 
page 6 and Subject Application at page 13, lines 10-13); and residual hydrocarbons remaining in 
the boiler slag, which may be added to the iron-bearing material as a flow aid (Provisional 
Application at page 8 and Subject Application at page 15, lines 1-2). Moreover, as admitted in 
part by the Shepard patent, iron-oxide reducing carbon compound(s) will be inherently present in 
the iron-bearing material itself when the iron-bearing material is a byproduct of steel and iron 
manufacturing, such as Basic Oxygen Furnace or BOF flue dust or precipitator fines, blast 
furnace flue dust, electric arc furnace dust, and mill scale fines (Provisional Application at page 4 
and Subject Application at page 12, lines 7-12, and page 18, lines 13-14). 

11. For these reasons, one of ordinary skill in the art, based on the Specifications of 
the Subject and Provisional Applications, would conclude that, at the time each application was 
filed, the inventors had possession of an iron-containing additive containing at least one carbon 
compound to promote reduction of iron oxides in the iron-containing additive. 
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12. At pages 3 and 5 of the Office Action, the Examiner states that the Ash Fusion 
Temperature or AFT-characteristic limitation of claims 1,19, and 24 of the Subject Application, 
namely that an ash slag produced by combusting the solid fuel in the presence of the iron-bearing 
material has "at least one ash fusion temperature characteristic selected from the group consisting 
of initial deformation temperature, softening temperature, hemispherical temperature, and fluid 
temperature is less than the same ash fusion temperature characteristic of a second ash slag 
produced from combustion of the solid fuel alone", fails to comply with the written description 
requirement of 35 U.S.C.§1 12, first paragraph, because the limitation was not described in the 
specification of the above application in such a way as to reasonably convey to one skilled in the 
relevant art that the inventors), at the time the application was filed, had possession of the 
claimed invention. 

13. I disagree. The Subject and Provisional Applications each state that the iron- 
bearing additive fluxes the ash (Provisional Application at pages 3-4, 5, and 7 and Subject 
Application at page 5, lines 13-14, page 6, lines 19-22, page 8, lines 10-1 1) and lowers the 
melting temperature of the ash (Provisional Application at page 1 and Subject Application at 
page 7, lines 15-18, Figures 7-8, and page 20, lines 1-21). The AFT characteristics of initial 
deformation temperature, softening temperature, hemispherical temperature, and fluid 
temperature represent a continuum of constituent melting points leading to the complete melting 
of the ash. The characteristics are arbitrary and established by subjective visual observation. 

14. According to pages 20-5 through 20-7 of "Steam/its generation and use by 
Babcock & Wilcox (1972) ("the Babcock & Wilcox Article" attached hereto as Exhibit "A"), the 
AFT properties are determined as part of the ASTM Standard D 1 857, Fusibility of Coal and 
Coke Ash". According to the standard, an ash sample is prepared by burning coal under 
oxidizing conditions at temperatures of 1470 to 1650°F. The ash is pressed into a mold to form a 
triangular pyramid cone 0.75 in. in height with a 0.25 in. triangular base. The cone is heated in a 
furnace at a controlled rate to provide a temperature increase of 15°F per minute. The initial 
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deformation temperature (IT or ID) refers to the temperature at which the tip of the pyramid 
begins to fuse or show signs of deformation. The softening temperature (ST) is the temperature 
at which the sample has deformed to a spherical shape where the height of the cone is equal to 
the width at the base (H=W). The softening temperature is commonly referred to as the fusion 
temperature. The hemispherical temperature (HT) is the temperature at which the cone has fused 
down to a hemispherical lump and the height equals one half the width of the base (H=1/2W). 
The fluid temperature (FT) is the temperature at which the ash cone has melted to a nearly flat 
layer with a maximum height of 0.0625 in. 

15. It is well known that each of the AFT characteristics, namely IT, ST, HT, and FT, 
represent a melting point of one or more ash constituents. Regarding the relationship between 
the AFT properties and the melting point of the ash, the Babcock & Wilcox Article states: 

The gradual deformation of the ash cone is generally considered to result 
from differences in melting characteristics of the various ash constituents. As the 
temperature of the sample is increased, compounds with lowest melting 
temperature begin to melt, causing the initial deformation. As the temperature 
continues to increase, more of the compounds melt and the degree of deformation 
proceeds to the softening and hemispherical stages. The process continues until 
the temperature is higher than the melting point of most of the ash constituents 
and the fluid stage is reached. 

(The Babcock & Wilcox Article at page 20-6.) 

16. For at least these reasons at the times that the Subject and Provisional 
Applications were filed, one of ordinary skill in the art would understand the phrase, 
"melting temperature of the ash" (as used in the Subject and Provisional Applications), to 
refer to the last (or highest) of a sequence of melting points for differing ash constituents 
and require that each of the lower melting point constituents have melted. The melting 
temperature of the ash is therefore synonymous with the fluid temperature. 
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17. Regarding the AFT-characteristic limitation and the fluxing limitation, 
namely that the "iron bearing material fluxes the ash slag" in claims 1, 1 1, 19, 24 and 33 
(see Office Action at pages 3, 4, 5, and 33), the Provisional and Subject Applications 
further use the term "flux" and "fluxing agent". (Provisional Application at pages 1, 3-4, 
and 6-8 and Subject Application at page 5, lines 13-14, page 6, lines 19-22, page 8, lines 
10-11). According to Hawley 's Condensed Chemical Dictionary, "flux" is defined as 
"[a] substance that promotes fusing of minerals or metals or prevents the formation of 
oxides." It further defines "fuse" as "[o]f a solid, to melt, e.g., a fused salt." (Emphasis 
supplied.) The terms "flux" and "fuse" would further suggest to one of ordinary skill in 
the art that the various melting points of the ash constituents, denoted by the AFT 
properties, are lowered by the iron-bearing additive disclosed in the Provisional and 
Subject Applications. 

1 8. The Provisional and Subject Applications further refer to the iron- 
containing additive lowering the T 250 (or the temperature at which the ash would have a 
viscosity of 250 poise and is an important indicator for the minimum temperature at 
which the slag will flow) for low-sulfur eastern and western coals having low iron and 
high calcium contents. (Provisional Application at pages 1 and 4-5 and Subject 
Application at Figure 2, page 2, lines 15-17, page 7, lines 15-18, page 9, lines 14-15, page 
19, lines 5-10, Figures 7-8 and page 20, lines 3-21). As shown in Figure 7 of the Subject 
Application, the iron-containing additive lowers the slag viscosity, at temperatures above 
about 2275°F, compared to a slag when no additive is used. It is inherent that the use of 
the iron-bearing material to lower the T^o of low-sulfur coals having low iron and high 
calcium contents will lower each of the AFT properties referenced above, 

19. For at least the reasons set forth above, the AFT-characteristic and fluxing 
limitations are each described in the Specifications of both the Provisional and Subject 
Applications in such a way as to reasonably convey to one skilled in the relevant art that 
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the inventors, at the time each of the applications was filed, had possession of the claimed 
invention. 

20. Claims 1,19, and 24 further require the iron-bearing material to cause a 
reduction in at least one AFT characteristic and ash slag melting point relative to the ash 
slag in the absence of the iron-bearing material. The Provisional and Subject 
Applications further refer to the iron-containing additive lowering the T 250 (or the 
temperature at which the ash would have a viscosity of 250 poise and is an important 
indicator for the minimum temperature at which the slag will flow) for low-sulfur western 
and eastern coals having low iron and high calcium contents. (Provisional Application at 
pages 1 and 4-5 and Subject Application at Figure 2, page 2, lines 15-17, page 7, lines 15- 
18, page 9, lines 14-15, page 19, lines 5-10, Figures 7-8 and page 20, lines 3-21). As 
shown in Figures 7-8 of the Subject Application, the iron-containing additive lowers the 
slag viscosity, at temperatures above about 2275°F, compared to a slag when no additive 
is used. It is inherent that lowering the T^q of low-sulfur coals having low iron and high 
calcium contents will lower each of the AFT properties referenced above. 

2 1 . Finally, at pages 4, 5, and 6 of the Office Action, the Examiner states that 
the claimed requirements (of claims 3, 17, 22, and 36) that the at least one AFT 
characteristic or melting point of the composite ash slag be less than 2,600°F fail to 
comply with the written description requirement of 35 U.S. C.§ 1 1 2, first paragraph, 
because the limitation was not described in the specification of the above application in 
such a way as to reasonably convey to one skilled in the relevant art that the inventor(s), 
at the time the application was filed, had possession of the claimed invention. 

22. I disagree. The Provisional Application at page 1 and the Subject 
Application at page 2, lines 14-15, disclose that the ash (from which the molten slag is 
formed), in cyclone boilers, must be melted at normal combustion temperatures ranging 
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from 2,600 to 3,000°F. Moreover, the Subject Application at page 20 and in Figure 7 
shows that the ash/slag is melted at a temperature below 1,900°F. 



23. For at least the reasons set forth above, the requirement referenced in f2 1 
is described in the Specifications of both the Provisional and Subject Applications in such 
a way as to reasonably convey to one skilled in the relevant art that the inventor(s), at the 
time each of the applications was filed, had possession of the claimed invention. 

24. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and 
further, that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 



Respectfully submitted, 
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Chapter 10 



Cyclone Furnaces 



Over the years continuing advances have been made in 
the methods of burning coal- The introduction of 
pujverized-coal firing in the 1920's was a major advance, 
providing advantages over stoker firing as listed in Chap- 
ter 9. Today, pulverized-coal firing is highly developed 
and is still the best way to burn many types of coal, par- 
ticularly the higher grades and ranks. 

However, during the last 35 years, another method of 
burning coal, the Cyclone Furnace, has been developed 
and is now widely used. Cyclone-Furnace firmg repre- 
sents the most significant advance in coal firing since the 
introduction of pulverized coal 

The Cyclone Furnace is applicable to coals having a 
slag viscosity of 250 poises at 2600F or lower, provided 
the ash analysis does not indicate excessive formation 
of iron or iron pyrites [see Suitubiliry of TueU for the 
Cyclone Furmce). With these coals, Cyclone-Furnace 
firing provides the benefits obtainable with pulverued- 
coal firing plus the following advantages. 

1. Reduction in fly ash content in the flue gas, 

2. Saving in the cost of fuel preparation, since only 
crushing is required instead of pulverization. 

5. Reduction in furnace size. 

For further understanding a discussion of the combus- 
tion of coal particles may be helpful, particularly if this 
is considered in the framework of the three Ts~ of com- 
bustion ( Chapter 6) with special emphasis on turbulence 
(mixing) and time. 

When coal is burned in boiler furnaces, the combus- 
tion of hydrogen is accomplished without difficulty, but 
successful combustion of carbon to C0 2 requires special 
measures to assure a continuing supply of oxygen in con* 
tact with carbon particles as long as they remain un- 
burned Not only must there be intimate mixing of die 
coal particles and air; there must also be sufficient tur- 
bulence to remove the combustion products as they form 
ar the surface of the fuel and provide fresh air at the 
fuel surface to continue combustion. The greater the tur- 
bulence the more rapid the process; hence less time is 
required for combustion. 

With pulverizcd-coal firing, the coal is reduced to a 
powder, so fine that approximately 70 percent will pass a 



200-mesh screen. The finely pulverized coal is then very 
intimately mixed with combustion air in the burner, how- 
ever, after this initial mixing the tiny coal particles are 
merely carried along in the air stream, and very little 
additional scrubbing by the air occurs. Tlius, further con- 
tact of oxygen with the coal must be largely by diffusion. 
The furnace consequently has to be relatively large to 
give the necessary retention time for oxygen to difiusc 
through the blanketing CO* layer to reach the coal parti- 
cles and, at the same time, temperatures must be suf- 
ficiently high to complete combustion- After combustion, 
since the residual ash particles are much smaller than 
even the^ original tiny pulverized-coal particles, the 
former are easily earned along witb the flue gases from 
the furnace and through the boiler setting. 

At the same time the pulverized-coal-fzred boiler fm> 
nace also has the function of cooling the combustion 
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gases so that when they enter the convection surfaces 
they are below the temperature at which sUgging occurs. 
Tins function conflicts with that of maintaining the high 
Temperatures necessary to complete combustion. It would 
therefore be advantageous to separate these functions by 
providing a separate small combustion chamber where 
bieh turbulence and temperature may be maintained, 
and using the main boiler furnace primarily to cool the 
combustion gases. , 

For many years engineers recognized this need and 
actively explored basic changes in the design of furnaces 
and fuel-burning equipment to improve combustion and 
furnace performance. In addition, significant changes m 
availability and use of coal further increased the need 
for new designs, e.g., demands for higher grades of coal 
have depleted many seams, and others have been re- 
served for metallurgical and other uses. Mechanization in 
coal mining has increased the ash content of mmed coal. 

Washing is widely used to lower ash and sulfur con- 
tents; however, this is an added expense (see Chapter 8). 
The industrial growth of the Western portion of the 
country rich in reserves of subbituminous and hemtic 
coal is rapidly increasing the consumption of these lower 
ranks of coal. This has furthered the need for equipment 
fully suitable for the lower grades and ranks of high-ash. 
tew-fusion-temperature coal. The Cyclone Furnace « an 
outgrowth of ©forts to meet these needs and to overcome 
difficulties encountered with other firing methods. 

Principle of operation 

The Cyclone Furnace (Fig- 1 ) is a water-cooled horizon- 
tal cylinder in which fuel is fired, heat is released at ex- 
tremely high rates, and combustion is completed. Its 
water-cooled surfaces are studded, and covered with 
refractory over most of their area {see Chapter 16). Coal 
crushed in a simple crusher, so that approximately 95 
percent will pass a 4-mesh screen, is introduced mto the 
burner end of the cyclone. About 20 percent of the com- 
bustion air, termed primary air, also enters the burner 
tangentially and imparts a whirling motion w the in- 
coming coal. Secondary air with a velocity of approxi- 
mately 300 fps is admitted in the same directum tangen- 
tially at the roof of the main barrel of the cyclone and 
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imparts a further whirling or centrifugal action to the 
coil particles. A small amount of air (up to about 5% ) 
fe admitted at the center of the burner. This is known as 
"tertiary" air (Fig. I)- 

The combustible is burned from the fuel at heat re- 
lease rates of 450,000 to 800,000 Btu/cu ft. hr, and gas 
temperatures exceeding 3000F are developed. These 
temperatures are sufficiently high to melt the a*b into a 
liquid slag, which forms a layer on the walls of the cy- 
clone. The incoming coal particles (except for a few fines 
that are burned in suspension) are thrown to the wails 
by centrifugal force, held in the slag, and scrubbed by 
the high-velocity tangential secondary air. Thus the air 
required to burn the coal is quickly supplied, and the 
products of combustion are rapidly removed. 

The release of heat per cu ft in the Cyclone F urnace is 
very high. However, were is only a small amount of sur- 
face iojhe cyclone and this surface is partially insulated 
by the covering slag layer. Heat absorption rates range 
from 40,000 to 80,000 Btu/sq ft, br. This combination of 
high beat release and low heat absorption assures the 
high temperatures necessary to complete combustion and 
to provide the desired liquid slag covering of the surface. 

The gaseous products of combustion are discharged 
through the water-cooled re-entrant throat of the cyclone 
(Fig 1} into the gas-coojing boiler furnace. Molten slag 
in excess of the thin layer retained on the walls continu- 
ally drains away from the burner end and discharges 
through the slag tap opening, shown in Fig. I, to the 
boiler furnace, from which it is tapped into a slag tank, 
solidified, and disintegrated for disposal (see Sicg Han- 
dling Equipment). . , 
By this method of combustion the fuel is buroed 
quickly and completely in the small cyclone chamber, 
and the boiler furnace is used only for cooling the flue 
gases. Most of the ash is retained as a liquid slag and 
tapped into die slag tank under the boiler furnace. Thus, 
the quantity of fly-ash is low and its particle size so fine 
that erosion of boiler heating surfaces is not experienced 
even at high gas velocities. 

Suitability of fuels for the Cyclone Furnace 

The Cyclone Furnace is capable of burning successfully 
a large variety of fuels. A wide range of coals varying m 
rank from low volatile bituminous to lignite may be suc- 
cessfully burned, and in addition other solid fuel* such 
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as wood bark, coal chars, and petroleum coke may be 
satisfactorily fired in combinations with other fossil fuels- 
Fuel oik and gases axe also suitable for firing. 

The suitability of coals is dependent on the moisture, 
ash and volatile contents of the coal together with the 
chemical composition of the ash. The volatile matter 
should be higher than 15 percent, on a dry basis, to ob- 
tain the required high combustion rate- The ash content 
should be a minimum of about 6 percent to provide a 
proper slag coating in the? cyclone and can be as high as 
23 percent on a dry basis, A wide range of moisture con- 
tent is permissible depending on coal rank, secondary air 
temperature and fuel preparation equipment that may 
include capability for pre-drying the fuel 



One of the two important criteria for coal suitability is 
the total amount of sulfur compared to the ratio of iron 
to calcium and magnesium (fig* 2). This comparison 
gives an indication of the tendency of the coal to form 
iron and iron sulfide, both of which are very undesirable 
in the Cyclone Furnace, Coals with too high sulfur con- 
tent and/or a high iron ratio axe not considered suitable. 

The other important criterion for establishing the suit- 
ability of coal for firing in the cyclone is the viscosity of 
the slag formed from the ash. Since satisfactory combus- 
tion of coal depends on the formation of a liquid slag 
layer in the cyclone, and since ash is removed from the 
cyclone and primary furnace in fluid form, the viscosity 
of the slag must permit slag flow at the temperatures 
experienced in the cyclone and primary furnace. Field 
experience with many different coals together with ^ex- 
tensive investigation of ash characteristics has provided 
information for evaluating coal suitability, from a 'slag 
tapping standpoint, without actual firing tests. 

Slag will just flow on a horizontal surface at a viscosity 
of 250 poises. The temperature at which this viscosity 
occurs (Tzso) » used as the criterion to determine the 
suitability of a coal from this point of view. The T^ is 
calculated from a chemical analysis of the coal ash, and 
a value of 2600F is considered maximum (see Viscosity 
Of Coal-Ash Slug, Chapter i5). Somewhat lower temper- 
atures may be desirable for fuels with high moisture con- 
tents and low heating values. 

The suitability of other solid fuels such as wood, bark, 
petroleum coke or chars must be considered on an indi- 
vidual basis and the amount of supplementary fuel care- 
fully calculated. 

Design features 
Boiler furnace 

The two general firing arrangements used for the Cy- 
clone Furnace are one-wall firing and opposed firing. 
These are shown in Fig. 3. For smaller units, sufficient 
firing capacity is usually attained with Cycbne Furnaces 
located in only one wall. For large units, furnace width 
cau often be reduced by using opposed firing. 
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F«. 5 Siring of crusned coal fired in tne Cycione Furnacs. 
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^Coai Oiicnaree from Peeoef 
Rg. 6 Belt-Type coal feeder lor trie Cyclone Furnace. 

Cyclone Furnace capacities 

The.size.aod .number of Cyclone Furnaces used to fire a „ 
gjven boiler depend primarily on the bailer sire and the 
load flexibility required. They are built commercially in 
sizes ranging from 6 ft diameter through 10 ft diameter, 
with an allowable maximum heat input per furnace of 
about 160 million to 425 million Btu/hr, respectively. 

Coal preparation 

There are two general types of coal preparation and 
feeding (see fig. the bin or storage system and the 
direct-firing system. The former i* preferred for most 
bituminous coals when the plant layout permits. The 
range of sizing of crushed coal required with either sys- 
tem is given in Fig. 5. 

With the bin system, coal is crushed in a central pr- 
oration plant to a size suitable for firing, and the crushed 
coal is delivered to the bunker. Because the crushed coal 
is relatively large iu particle si*C\ the hazards associated 
with pulverized-coal systems do not exist. The only pre- 
caution necessary is to provide adequate venting of the 
bunkers to assure removal of the small amounts of com- 
bustible gases released from freshly crushed coal of cer* 
tain types. With The bin system there is less equipment 
in the boiler room, and short crusher outages can be 
accommodated without interrupting boiler operation. 

Secondary A t r Do m per 



Oil Burnur 

Gas Bumor 




Oil 

P«p»ng 

Fig. 7 Arrangement of gas ana oil Burner »n Cyeione Furnace. 



The second rnetnod of coal preparation is the direct- 
firing system, which has a separate crusher located be- 
tween the feeder and the burner of each Cyclone Fur- 
nace. The crusher is swept by hot air, and the intimate 
mixing of coal and hot air in the crusher helps to dry the 
coaL This improves crusher performance and ignition 
with high moisture coals. It is often easier to accommo- 
date the direct-firing system in existing plants, where the 
coal handling equipment cannot readily be adapted to 
the bin system. 

The direct-firing, pre-drying, bypass system (Fig. 4) is 
a variation of the second method, incorporating a me- 
chanical dust collector between the crusher and the Cy- 
clone Furnace. The collector is vented to the boiler fur- 
nace. This system is used when firing extremely high 
moisture coals. Its advantage is that moisture is removed 
from the coal during crushing and then vented to die 
boiler furnace instead j>f the. Cyclone Furnace. This 
maintains maximum temperature in the cyclone with im- 
proved performance and slag tapping characteristics. 



Furnacs 




Fig. B Batcn-removai $lag~nandi#n& system for Cycione-Furnaca 
OOiter. 



Coal feeder* 

The coal feeders normally used are of the belt type, il- 
lustrated in Fig. 6. A rotating distributor is provided at 
the coal discharge from the feeder to assure a continuous 
and uniform rate of feed. This is necessary because the 
coal is burned almost instantaneously when it reaches 
the Cyclone Furnace, and fluctuations in feed are re- 
flected in combustion conditions. The rapidity of com- 
bustion makes the Cyclone Furnace very responsive to 
bad demands, and it has been demonstrated that boiler 
output can be made to respond very quickly to demand 
by changing coal-feeder speed. Continuous weighing de- 
vices can be applied to the belt feeder so that it can serve 
the dual function of coal scale and feeder. 

Feeders of other types may also be used. Some are 
equipped with an angled cutoff plate at the coal dis- 
charge from the feeder to provide a uniform rate of feed. 

Oil and gas burners 

Oil and gas, as previously noted, are satisfactory cyclone 
fuels. These fuels can be burned at rating* and with 
performance equal to those with coal firing. Oil may be 
injected either into the secondary air stream or through 
the center of the front cual burner (*ee Fig. 7), where 
the oil is picked up and atomized by die high velocity 
air stream Gas is fired through flat ports located m tne 
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HWUfig Value, Blu/ LO (AfU4.000 13,000 12.600 10.000 9.600 6.800 

Cr,iwaM*y 100 65 55 55 50 50 
B9 FD Fan □ Pr**nary Air Fan 
g B Crustier BB Pulverizer 

Fig- 9 Auxiliary power requirements of typical nign-capacity 
pressure-fired Cyclone- Furnace and puNerized-coai units. 

secondary air entrance to the cyclone. The gas burners 
and die oil burners located in the secondary air inlet may 
be left in place when coal is fired. This facilitates chang- 
ing from one fuel ro another by remote control without 
removal of the Cyclone Furnace from service. This fea- 
ture makes the Cyclone Furnace most attractive for the 
firing of multiple fuels. However Cyclone Furnace* are 
not normally competitive with other firing methods un- 
less coal is to be a principal fuel (see Cyclone-Furnace 
Firing, Chapter 22)- 

Stag handling equipment 

Slag handling equipment for a Cyclone-Furnace boiler 
unit is similar to that for a pulverized-coal slag-tap unit 
The capacity of the slag-handling equipment must be 
greater since the percentage of ash recovered in the Cy- 
clone Furnace is higher. The batch-removal system, il- 
lustrated in Fig. S\ is the system generally used. Storage 
tanks into which slag is continuously tapped, quenched 
and accumulated are located under the furnace floor. 
Slag is withdrawn at intervals and discharged to a stor- 
age area, from which it may be removed at will («ee 
Design and Operation of Slag-Tap Units, Chapter 15), 

Combustion controls 

Automatic combustion controls for Cyclone-Furnace 
boilers are geuerally based on maintaining equal coal 
weights and equal total air flows in the proper propor- 
tion to each Cyclone Furnace. Where volumetric type 



feeders are used, equal coal weights are obtained by 
maintaining equal feeder speeds. Where gravimetric type 
feeders are used, they measure and control the coal 
weights to the Cyclone Furnaces, 

Combustion air flow is measured separately to each 
cyclone. Where individual ducts suoply combustion air 
to individual cyclones, a venturi throat in each duct 
measures the air to each cyclone. Where cyclones are in- 
stalled in a common wmdbox, secondary air flow is meas- 
ured at the bell-mouth section of the secondary air port 
of each cyclone, then added to the primary and tertiary 
air flows of that cyclone. These flows are measured at 
orifices in the individual ducts- 
Using these measurements, the controls maintain equal 
coal rates and air flows to each Cyclone Furnace. The 
overall excess air is controlled m the usual manner with 
a boiler meter "based on steam flow and airflow; Oxygen 
recorders are usually provided as operating guides to 
monitor the controls. 

Operating results 
Fuels burned 

The first commercial Cyclone-Furnace boiler was de- 
Signed to burn Central Illinois coal and was installed at 
the Calumet Station of the Commonwealth Edison Com- 
pany. Chicago, in 1944. Since then over 600 Cyclune- 
Furnace units have been installed in boilers throughout 
the United States and Europe. In this country coat of 
the following constituent range have been burned in 
commercial Cyclone- Furnace boilers: 

Moisture, % 

Volatile matter (dry), % 
Fixed carbon (dry), % 
Ash (dry), % 



2 to 40 
18 to 45 
35 to 75 

4to25 



P w iYcrtieO-Coai.FHeq Umi 



ToStacn 




Fo> 10 Comparison of fly-asn emission from typical large dry. 
aXrJmoXai pu|ver*8d-coai-f.red unit and Cyclone-Furnac* un.r. 
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As mentioned previously, a number of by-product* 
from petroleum and many waste fuels, such as bark, 
can be successfully burned. The petroleum products 
ran^e in volatile matter from 5% for some petroleum 
coke to W% for pitch. Because of the very low ash con* 
tent of these petroleum by-products, it is usually neces- 
sary to add a slag-forming material or to mix the pitch 
with a coal having suitable ash characteristics to provide 
the necessary slag coating of the cyclone barrel- It may 
also be necessary to stabilize ignition of the low volatile 
coke by burning 5 to 10% auxiliary oil or gas. 

Coal chars, resulting from the low-temperature car- 
bonization of bituminous or liguitic coals having suffi- 
cient ash and volatile matter, are suitable for firing, pro- 
vided the ash viscosity characteristics are suitable. 

Two units designed to bum bark and bituminous coal 
in amounts up to approximately 50% by weight of each 
" are in operation in a large Southern pager mill. Tts burd 
the bark successfully, it is necessary to tire sufficient coal 
to supply the slag coaxing in the cyclone and to main- 
tain sufficiently high temperatures to provide the neces- 
sary fluidity of the slag. A chopper, or ~ho£\ is used to 
reduce the bark to chips of a size suitable to the Cyclone 
Furnace, The chips ate screened after "hogging" and 
oversi2e pieces are recycled. 

Power requirements 

Since the only coal preparation is crushing, the power 
required is low compared with that for pulverizing coal 
To offset this, the forced draft fan power required is 
relatively high, Cyclone Furnace air pressure drop being 
in the range of 20 to 40 in. of water compared wixh 2 to 




Fie. II Two-drum poiler with Cyclone Furnaces (one-wall) ano 
Dm system for coal preparation ancj feeding. 



10 in. of water for pulverized-coal burners. Fig. 9 shows 
that the comparative power requirements vary consider- 
ably for different types of bituminous coals and lignite. 
For high-beating value, high-grindability bituminous 
coals, the Cyclone Furnace requires more power. How- 
ever, for the tow-heating value, low-grindability bitumi- 
nous and lignite coals, for which the Cyclone Furnace is 
usually best suited, the power requirements are less than 
with pulverized-coal firing. 

Combustion efficiency 

The excess air required for satisfactory combustion of an 
individual Cyclone Furnace is less than 10 percent How- 
ever, where automatic controls are used and particularly 
where there are several Cyclone Furnaces for one boiler, 
excess air is usually maintained between 10 and 15% to 
assure that no individual cyclone is operating with insuf- 
-ficient air. When -operating with coal of suitable sizing — 
and with 10 percent excess air, the loss in efficiency from 
unburned combustible has been found to be less than 
0.1 percent with most coals. 

A$b recovery and dust collector* 

The dust loading of the flue gas from coal-fired cyclone 
units is in the range of 20 to 30 percent of the ash in the 
coal, compared with about 80 percent for a dry-ash 
pulverized-coal-fired unit. This means that, if both units 
are equipped with 95 percent efficient precipitators or 
dust collectors, the ash discharged from the stack of a 
cyclone-fired unit will be less tnan half that from tie 
stack of a dry-ash pulverized-coal-fired unit. 

This comparison is illustrated in Fig. 10 for a large 
utility Cyclone-Furnace unit and a pulverized-coal unit 
arranged for dry ash removal Both units are 600-mega- 
watt capacity, each consuming approximately 7,000 tons 
of coal per day and producing 970 tons of ash. With 
pulverized-coal firing about 4 percent of the ash or 39 
tons per day is discharged from the stack Under similar 
operating conditions with the Cycbne-Fumace-fired 
unit only approximately 1.5 percent of the ash or 15 tons 
per day is Discharged from the stack. On a Cycbne- 
Fumace-fired unit the fly ash collected in the precipitator 
may be returned to the Cyclone Furnace and recovered 
a* slag. The slag from the furnace is chemically inert 
and disposal is relatively simple. 

Typical Installations 

Although Cyclone-Furnace units were first installed in 
central stations, their use has been extended to a wide 
variety of industries. Fig. 11 shows a unit installed in a 
large Northern industrial plant. The unit incorporates the 
bin system with one-wall Bring. It is designed to produce 
440,000 Ityhr of steam at 1350 psi and 905F superheat. 

The designs of Cyclone-Furnace units have followed 
the general trend of the power industry to higher steam 
temperatures and pressures and larger capacities. Fig. 12 
shows a Radiant boiler with one-wall firing. This unit 
produces 1,250,000 lb/hr of steam at 1900 psi and 1005F, 
with reheat to 1005F. Fig. 13 shows a Universal-Pressure 
once-through unit with opposed Cyclone-Furnace firing; 
the capacity of this unit is 8.000,000 lb of steam per hr at 
3630 psi and 1003F, with 10C3F reheat temperature. 
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Operation 
Start-up 

The Cyclone Furnace can be started by the continuous 
firing of coal, oil or gas. Coal is ignited by a permanently 
installed gas-lighting torch or a retractable oil-lighting 
torch inserted into the front of the secondary air port. 
With coal firing, the usual load range for good operation 
of an individual furnace is from 50 to 100% of rated 
capacity, depending on the ash characteristics; however, 
for short periods, such as start-up, loads of 20 to 25% can 
be carried with some increase in uabumed combustible. 
The bad range for continuous operation of the entire 
Cyclone-Furnace unit is from full to approximately half 
load, again depending on the ash characteristics and die 
furnace arrangement. For short periods such as overnight 
bad drops; lower ratings can be carried by allowing tie 



slag tapped from the Cyclone Furnace to accumulate and 
solidify on the boiler furnace floor. When the load is in- 
creased, this slag will melt and tap in the usual manner. 

Maintenance 

The principal items requiring maintenance are the coal 
crusher and the Cyclone-Furnace burner. Crusher main- 
tenance includes replacement of hammers and grid bars 
at yearly or less frequent intervals, depending on the 
arrangement and the type of coal fired. In the burner, 
the coal is accelerated to the high velocity necessary to 
throw it against the slagged surfaces of the eyebne 
barrel This high velocity causes erosion of the burner, 
which is minimized by the use of tungsten carbide or 
other erosion-resistant wear liners (Fig. 14). Since these 
hners normally last a year or more, they can be replaced 
or built up during regularly scheduled annual outages. 
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fi* 12 tenant boiler with Cyclone Furnaces (one^waM) ana Din system for coal preparation and feeding. 
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Fi* 13 Un^rsal-Pressure Do.ier witn opposed Cyclone Furnace and *n system for coai preparation and feeding. 



Summary 

The Cyclone Furnace has made a significant contribution 
to the steam-power industry by improving combustion 
and furnace performance, by permitting the economic 
utilization of the lower grades and ranks of coal, and by 
alleviating the problems caused by coal ash. Because of 
this, it has gained wide acceptance in the U.S. and 
abroad. By 1970 about 700 Cyclone Furnaces were in 
service, under construction or on order for installation 
in the United States- These Cyclone Furnaces serve more 
than 150 boilers with a combined capacity of more than 
200 million lb of steam per br. 



Crushed Coaj 
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Section A-A 



Front View 



Fig, 14 Burner of Cyclone Furnace snowing repiaceaoie wear 
liner*. 
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From the beginning of the application of combustion of 
fossil fuels for the production of power, much attention 
has been devoted to the problems created by the residues 
of such combustion, broadly known as "ash." The com- 
plexity of these problems has increased with the size 
and rating of modem units. When burned, all but a few 
fuels have solid residues, and in some instances the 
quantity is considerable. 

For continuous operation, removal of ash is essential 
to all methods of firing- In stoker firing with a fuel bed 
this is accomplished by the intermittent shaking or 
dumping of grate sections or by the continuous move- 
ment of the ash residue toward a point of discharge. In 
suspension firing the ash particles are earned out of the 
furnace by the gas stream or retained ui part by Settling 
or by adhering to boiler surfaces. Retained material of 
solid form is removed by periodic cleaning. If tempera- 
tures are sufficiently high, the retained ash is molten and 
may be drained continuously from the furnace. Some of 
the ash may form deposits of slag on the furnace walls 
(slagging), and a portion of the ash that is carried from 
die furnace by the flue gases may form deposits on the 
tubes in the gas paws (fouling). Also, under some con- 
ditions, the deposits may lead to corrosion of these sur- 
faces. The nature and the amount of ash in the fuel to 
be used are, therefore, of major concern to the designer 
and the operator. 

The following discussion is concerned primarily with 
the importance of coal ash in the design and operation 
of boilers, but consideration is also given to the impor- 
tance of ash residue from petroleum fuels. Commercial 
fuels containing ash, and others with little or no ash, are 
listed in Table 1. 

Some means must be provided to handle and dispose 
of the ash since ash in its various forms may seriously in- 
terfere with operation or even cause shutdown. 

Ash content of coal 

The ash content of coals varies over a wide range. This 
variation occurs not only in coal from different parts of 
the world or from different seams in the same region but 
also in coal from different parts of the same mine. Some 
rock and earthy materials find their way into the mined 



product. Before marketing, some commercial coals are 
cleaned or washed to remove a portion of what would 
be reported as ash in laboratory determinations {see 
Chapter $). In any case, the ash determinations of 
significance to the user are those made at die point of 
use, and the values noted below are on that basis- 

Tbe bulk of bituminous coal used for power genera- 
tion in the UJ5. has an ash content within the range of 
6 to 20%. Low values of 3 or 4% are encountered in- 
frequently, and such coals find other commercial uses, 
particularly in the metallurgical field On the other hand, 
some coals may have an ash content as high as 30%. 
Many high-ash fuels are successfully burned in die 
Cyclone Furnace as well as in oulverized-coal-fired units. 
Their use'is increasing in localities where the fuel costs 
indicate a favorable overall economy. 

Nature of coal ash 

The presence of ash is accounted for by minerals as- 
sociated with initial vegetal growth or those which 
entered the coal seam from external sources during or 
after the periud of coal formation- Appreciable quanti- 
ties of inorganic material may be contributed to the 
commercial fuel by partial inclusion of adjacent rock 
strata in the process of mining. 

Since quantitative evaluation of mineral forms is ex- 
tremely difficult, the composition of the coal ash is 



Table I 

Commercial fuels for power production 



Fuel> Cooaining Ash 



Futrb Containing 
Littfe or No Ash 



All coals 

Fuel oii-~Bunker CT 
Befinerv kludge 
Tank residue* 
Refinery mice 
Most fer» 

Wood and wood products 
Other vegctanonaj products 
wasic-heai gaso (most) 
Blast-furnace gas 
Ccmcni-kiln ga>©$ 



Natural gas 
Manufactured gas 
Coka-oveo gas (clean) 
Refinery gas 
Distillate* (most) 
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Table 2 

Ash content and ash fusion temperatures of some U.S. coals and lignite 



Ran*: 



Low Volatile 
Bituminous 



High volatile Bituminous 



Sub- 

Bituminous 



Ugn«te 



Seam 
Location 

Asm dry oasis. % 

Sultur,OTy03*S,% 

Analysis of asn,%oywt 
SiO, .. 

Al a O, 

TiO, 

Fe,0, 

csa. 

MgO ■ 

Na,0 

K,0 .. . 

Total • - 

ASH fu5|Di»ity 

initial deformation 
temperature. F 

Reducmg . . ■ • 

Oxidizing 

Softening temperature, F 

Reduang 

Oxidizing 

Hcmispnericai temperature, 

Reducing 

0*»d»Z>ng 
Fluid temperature. F 

ReOucmg 

QjUdiZmg 



Pocanontas No. 3 
WeSl Virginia 
12.3 
0.7 

60.0 
30.0 

1-6 

4.0 

— as — - 

0.6 
0.5 
1.5 
985 



2900+ 
2900+ 



No. 9 
Ohio 



PittsDurgn 
West Virginia 



No. 6 
Illinois 



Utsn 



14.10 


10.87 


17.36 


6.6 


3.30 


3.53 


417 


0.5 


47.27 


37.64 


47 52 


48.0 


fiC 


4\J XX 


X 4 •©/ 


11 5 


1.00 


0.81 


0.78 


0.6 


22.81 


29.28 


20.13 


7.0 


1.30 




D VD ... 


. 5>5 ft 


035 


1.25 


102 


40 


Q.2B 


080 


0.36 


12 


1.97 
98*44 


1.60 


1.77 


0.2 


95.74 


95 20 


97.5 


2030 


2030 


2000 


2060 


2420 


2265 


2300 


2120 


2450 


2175 


2160 




2605 


2385 


2430 




2450 


2225 


2180 


2140 


2620 


2450 


2450 


2220 


2620 


2370 


2320 


2250 


2670 


2540V 


2610 


2460 



Wyoming 
6.6 
1.0 

24.0 
20.0 
07 
11.0 
2S.0 
4.0 
0.2 
0.5 
86.4 



1990 
2190 

2180 
2220 

2250 
2240 

2290 
2300 



Texas 
12.8 
11 

41.8 

13.6 
1.5 
6.6 

17.5^ 
2.5 
0.6 
0.1 

84.3 



1975 
2070 

2130 
2190 

2150 
2210 

2240 

2290 



customarily determined by chemical analysis of the 
residue produced by burning a sample of coal at a slow 
rate and at moderate temperature ( I350F) under oxidiz- 
ing conditions in a laboratory furnace. It is thus found to 
be composed chiefly of compounds of silicon, aluminum, 
iron, and calcium, with smaller amounts of magnesium, 
titanium, sodium and potassium. The analyses of coal 
ash in Table 1 indicate what may be expected of some 
coals from various areas of the United States. A com- 
parison of analysis of ash from wood and from two low- 
ash-content lignite coals is indicated in Table 3. The ash 
analyses do not always total 100?&, since the analysis 
does not include all constituents. 

The element sulfur is present in practically all coal, 
and its effect on equipment performance has been given 
much attention. Sulfur itself burns as a fuel with a rela- 
tively low beating value (3980 Btu/lb when burned to 
S0 2 ), bur its reputation, which is nearly all bad, results 
from the effect of its chemical combination with other 
elements. Under certain conditions some of these com- 
pounds corrode boiler components* others contribute to 
the fouling and slagging of gas passages and heating 
surfaces. 

Some of the sulfur in coal is in combination with iron 
as FeS 3 . Sulfur may also be present in the form of com- 
plex organic compounds and, in minor amounts, in com- 
bination with the alkaline earths (calcium and magne- 



sium). When the fuel is burned, the aulfur compounds 
are normally converted to more or less stable mineral 
oxides and sulfur dioxide gas, S0 2 . A very small part of 
the SQ 2 thus formed is further oxidized to S0 3 . These 
sulfur gases are carried along with the other combustion 
gases, and their presence, under certain conditions, can 
contribute to corrosion of boiler heating surfaces and to 
air pollution problems (Chapter 18). 



Table 3 

Comparison of ash from two lignites with 

Ligjiitr-Typtr Ash 

Ash, dry basis. % 
Sulfur, dry basis. % 
Analysis of ash, % by *f 
S1O2 
Al*Os 
TjO* 
Fti03 
CaO 

N*20 

jc»o 

Total 



Reducing 
Oxidizing 



ash 
Wood Ash 



5,0 


60 


1.0 


1.0 


10 


0.1 


17.9 


18-9 


33.8 


13.2 


19.5 


2.6 


0.5 


0.6 


0.2 


ex 


64 


16 


59.7 


40.8 




2.0 


12.7 


4.7 


02 


1.0 


QJS 


03 


0.1 


0.1 


100.0 


looo 


Tooo 


mperatuic 


. F 




2680 


2470 


2580 


2650 


2470 


2550 



'Adjusted to 100% 
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Coals may be classified into two groups based on the 
nature of their ash constituents. One is the bituminous- 
type ash and the other is the lignite-type ash. The terra 
"Ugntte-type w ash is defined as an ash having more CaO 
plus MgO than Fe 2 O s . By contrast, the "bituminous- 
type" ash will Have more Fe 2 0 3 than CaO plus MgO. 

Locations of U.S. deposits of coals are shown in fig. 2, 
Chapter 5. The coal fields labeled bituminous-type ash" 
include all those of Triassic age and older coals The 
fields shown for lignite-type ash" include all those of 
Jurassic age and younger coals, and all ranks of coals in 
these deposits. 

Ash fusibility 

The preferred procedure for the determination of ash 
fusion temperatures is outlined in ASTM Standard D- 
1557. Earlier procedure used only a reducing atmos- 
phere for ~ asnTusibibty * determination whereas the 
standard adopted in 1968 offers the use of both reduc- 
ing and oxidizing atmospheres. The previous method 
had loosely defined softening and fluid critical points; 
the new procedure uses improved definitions, as follows: 

Initial deformation temptraturt, at which the first round- 
ing of the apex of die cone occurs. 

Softening temperature, at which the cone has fused 
down to a spherical lump in which the height is equal 
to the width at the base. 

HemjspftericaJ temperature, at which the cone has fused 
down to a hemispherical lump at which point tire height 
is one half the width of the base. 

FJw'd tcmpcraturt, at which the fused mass has spread 
out in a nearly flat layer with a maximum height of one- 
sixteenth in, 

The determination of ash fusion temperatures is strictly 
a laboratory procedure, developed in standardized form, 
which experience shows can oe duplicated with some 
degree of accuracy. For example, tne permissible dif- 
ferences of reproducibility between two furnace runs 
may range from 100 to 150F. However, some bituminous- 
type ash, containing relatively large amounts of silica, 
may exhibit low ash-softening temperatures, yet ex- 
hibits high viscosity characteristics in its plastic range. 
Some lignite-type ash, containing large amounts of cal- 
cium and magnesium, may react with the refractory 
base (kaolin and alumina), or it may evolve gaseous 
products and swell, thereby causing changes in density 
of the ash cone. Methods for determining fusibility of 
coal ash used by countries outside the US, may also vary 
considerably. Thus, ash fusibiliry dara should be used 
with care and its limitations recogni2ed. 

Ash melts when heated to a sufficiently high tempera- 
ture. Following combustion, individual ash particles are 
generally in the form of tiny spheres (cenosphcres) that 
appear hollow when viewed under a microscope, as il- 
lustrated in Fig. 1. The form of the ash particles indi- 
cates that, during combustion of the coal, the particles 
were actually liquid and die spheres were formed as 
tiny bubbles by evolved gases trying to escape. What 
happens to these particles depends on their physical and 
chemical characteristics and on furnace conditions If 




Fig. 1 Asn cenospheres (485x> formed m burning pulverized 
coal. 



cooled prompdy and sufficiently, the result is a dusty 
ash that may travel through the equipment, lodge on 
heating surfaces, drop out in soot hoppers and along 
flues, or collect at the base of the stack Those particles 
that remain in suspension are carried out with the flue 
gases to the paniculate-removal equipment {Chapter 
IS) and stack. 

The individual «*h particles do not, however, always 
cool quickly to a solid state. If insufficiently cooled, they 
xemzin molten or stickv and tend to coalesce into large 
masses in the boiler furnace or other beat-absorption 
surfaces. This problem is dealt with by adequate design 
of burners ana furnace arrangement for the fuels to be 
burned and by proper attention to boiler operation. 

Viscosity of coal-ash slag 

Viscosity of coal-ash slag is measured in a high-tempera- 
ture rotatiug-bob viscometer (Figs. 2 and 3), similar to 
one originally developed by the U.S. Bureau of Mines. 
The control panel is shown at the left in Fig. 2 and the 
furnace with its measuring element is at the right A 
section through the furnace is shown in Fig. 3. The 
molten-slag sample is placed in a platinum crucible. 
There is an optical electronic device for measuring the 
torsional deflection of the calibrated wire, and tbe 
torque is recurded on a chart. Provision is made for con- 
trolling the atmosphere within the furnace. 

Ash is introduced into the crucible at an elevated 
temperature (260O-28UQF) and held at that tempera- 
ture until it becomes uniformly fluid and all decomposi- 
tion gases have been expelled. The temperature is then 
decreased in predetermined steps, and the viscosity is 
measured at each temperature. 

Measurement of viscosity of coal-ash slags provides 
reliable data that can be used for determining suitability 
of coals for use in slag-tap type boilers. Since viscosity 
measurements require a considerable amount of coal 
ash that may not t>e readily available and, in addition, 
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Fig. 2 Hisn-temperature viscometer for determining tfie vis* 
cosity of molten coal asn. 



axe costJy and lime cousuining. it is desirable ro calculate 
viscosity from chemical analysis of the coal ash. It has 
beet) feasible to remove liquid slag from operating 
furnaces for slags having a viscosity at or below 250 
poise. A reasonable temperature limit, to provide ample 
reduced load operation, has been found to be 2600F. 
Thus, a dependable guide for suitability of coal-ash slag 
may be referred to as the T 250 or the temperature m 
degrees F to obtain a 250-poise viscosity. 




Gas Nome lor 
Almo»ph»re Conwoi 



Laboratory studies and field investigation*, supple- 
menting investigations by the Bureau of Mines, resulted 
iu a calculation method for determining the of slag 
from cools in the eastern United States. This method 
employs the ash fusibiliry (hemispherical temperature) 
in a reducing atmosphere and the "silica ratio" of the 
coal, where the 

SiO g X 100 
Silica ratio - si o 2 + Fe*0 3 + CaO + MgO 

The use of this method is illustrated m Fig. 4 where the 
T 250 i* obtained by entering with the silica ratio and 
the hemispherical temperature in a reducing atmosphere 
plus 200F. For example, for a coal ash having a silica 
ratio of 62 and a hemispherical temperature of 2300F, 
locate this point at the intersection of the 2500F line and 
the 62 sihca ratio. From this point extend a straight line 
a; a 10-degree slope from the vertical to the 250-poise 
value; this slag thus has a calculated T>50 of 2450F. 




2600 



2800 



3000 



Fig. 3 Section through furnace of n>grvternperature viscometer. 
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Temper ^luie. F= HemiSBrercai Temperature dwima 
Paovcmg Awncspn©re*200 F 

Fig. 4 Slag viscosity from ash analysis. 



The constituents of a coal ash can be classed as either 
basic or acidic. Basic constituents are the FeoOg, CaO, 
MgO, Na z O, and K s O; the acidic constituents are Si0 3 , 
AI 2 0 3 and Ti0 2 , Laboratory studio have shown that 
the relative amounts of the basic and acidic constituents 
in the ash can be used as a means of predicting the 
viscosity of the >lag (see* Fig. 5). The viscosity of a slag 
decreases ;** the base-to-acid ratio increases to 1.0 where 

Base-to-ttcid ratio = 

FegQ 3 + CaO + MgO + NagO 4- K 2 Q 
Si0 2 + Al 2 0 3 + T1U3 
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Ratio ~ . . SiO z x ^sOj *r Ti0 3 



Fig- 5 Plot ol temperature for 250-poise viscosity vs Dase-to- 
aoa ratio — Dasec on a fernc percentage of 20. 



This correlation takes into account the Si0 3 to Al 2 Oa 
ratio which has an effect with slags having a low base- 
to-acid ratio. For bituminous-type coal ash and fear 
lignite-type ash having an acidic content in excess of 
60%, the base-to-acid ratio method is used in preference 
to the silica-ratio method to estimate the T 250 - 

For coals with lignite-type ash and an acidic content 
less than 60%, the dolomite percentage method is used 
(see Fig. 6). 

Dolomite percentage = 

(CaO ± MkO)100 

FeA + CaO + MgO + Na 2 0 + K 3 0 

where the sum of the basic and acidic constituents is 
adjusted to equal 100%, 



very little by the state of oxidation of the iron in the 
slag. In fact, lignite-type ash having a high basic con- 
tent and high dolomite percentage may have ash fusion 
temperatures that are lower on an oxidizing basis than 
a reducing basis. Ash hemispherical temperatures and 
ash analyses of lignites appearing in Table 3 illustrate 
this effect. 

The iron content of a slag and the degree of oxidation 
of the iron also have a great influence on the viscosity 
of the slag. The degree of iron oxidation is normally ex- 
pressed as the ferric percentage where 

Fe 2 Q 3 X 100 
Fernc percentage - Fes p 3 + U lFeO + 1.43 Fe 

In stating the viscosity of a slag containing a significant 
amount of iron, it is important that the degree of oxida- 
tion*, or ferric percentage, be expressed. Experience 
indicates that slags from boiler furnaces operating under 
normal conditions have an average ferric percentage of 
20. The curves appearing in Fig- 5 are based on a ferric 
percentage of 20. Fig. 8 shows viscosity curves for a 
typical slag with various stages of oxidation of the iron. 
For coal ash having small amounts of iron, such a> a 
lignite-type ash, this effect will be greatly diminished. 

Furnace design 

A properly designed furnace has two functions: (1) to 
burn the fuel completely and (2) to cool the products 
of combustion sufficiently so that the convection passes 
of the boiler unit may be maintained in a satisfactory 
condition uf cleanliness, with a reasonable amount of 
sootblowing (yets also Chapter 12). The products of 
combustion inuhide all the impurities either in the solid, 
liquid or gaseous state. Experience and tests indicate 
that when the average gas temperature leaving a coal- 
fired furnace is too high, the ash particles are molten or 



Effect of iron on art behavior 

Coals having bituminous-type ash usually contain iron 
and its compounds as a principal component; the iron 
may exist in more than one state, Le.. metallic (Fe). 
ferrous (FeO) or ferric (Fe 2 0 3 ). The Fe 2 0 5 reported 
in an analysis of ash is actually the equivalent re 2 0 3 
representing the sum of Fe. FeO and Fe 3 0 3 expressed 
as Fe 2 0 3 . Experience indicates that iron has a dominat- 
ing influence on the behavior of ash in the furnace, as 
indicated by its effect on the a>h softening temperature. 

The specific effect of iron in coal 3sh U interesting. 
In completely oxidized form (Fe 2 03) iron tends to raise 
all four values of ash fusion temperatures, initial de- 
formation, softening, hemispherical and fluid, while in 
the lesser oxidized form (FeO) it tends to lower all 
four of these values. The effect of iron, in each of the 
two forms, on initial deformation and hemispherical 
temperatures is indicated in Fig. 7 plotted for a large 
uumber of ash samples from U.S. coals. Data in Fig. 7 
show that as the amount of iron in the ash increases 
there is a greater difference in ash fusibility between 
oxidizing and reducing conditions. This effect may be 
negligible with coal ash containing small amounts of 
iron. Lignite-type ash generally contains small amounts 
of iron and the ash fusion temperatures are affected 
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Fig. 6 Basic content and dolomite percentage of astt vs tem- 
perature for 250-poise viscosity. 
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F«- 7 Influence of iron on ccai asn fusion temperatures. 



sticky, and the need for cleaning the ash deposits from 
the upper-furnace and high-temperature zones in the 
convection passes may become excessive. This is, of 
course, subject to some latitude, because what consti- 
tutes excessive cleaning depends largely on the opinions 
of the individual operating crews. 

In establishing the proper functional design of a 
furnace, two methods of cooling the products of com* 
bustion must be considered, namely, radiation and gas 
tempering. 

Cooling gas by radiation 

For many years the method used to cool the products 
of combustion has been that of providing radiant 
furnace-cooling surface. Sufficient surface is installed to 
assure a reduction in gas temperature to a level where 
convection passes can be kept reasonably clean. There 
is a general relationship between the average desired 
fumace-exit-gas temperature and the slagging and foul* 
ing potential of the coal ash. There can be a considerable 
variation in the gas temperature at the furnace outlet 
(see Furnaces, chapter 4) and the maximum gas tern* 
perarure can be considerably higher than the average. 
The usual design criterion of furnace size when using 
ibis method of cooling gases is "heat release rate," which 
is defined as heat available per hour per sq ft of equiv- 
alent flat projected water-cooled furnace enclosure sur- 
face ( set Chapter 4). 

Heat available, in turn, is defined as the amount of 
energy released in the furnace and available for increas- 
ing the temperature of the product* of combustion. It is 
equal to (heat input in fuel + heat in air) -(heat re- 
quired to evaporate moisture in fuel }>C radiation 
loss). The assumption that half of the radiation loss oc- 
curs from the furnace is an acceptable approximation. 



The relationship between furnace release rates and 
fumace-exit-gas temperatures has been developed from 
field test data. Factors affecting this relationship include 
type of furnace design, method of firing, fuel, burner 
location, burner input, and furnace wall construction. 

From- information obtained over a number of years, 
desirable heat release rates have been established for 
different types of coals. In general, units using coals 
having low or medium ash-slagging tendencies can have 



50,000 




$C0 22CO SCO 24C0 2«5 Z7O0 Z8C0 

Temperature. F 

a'. 8 Viscosity-temperature plots of a typical slag snowing 
ect of feme peiwtage. 



10-12-01 11:57AM F ROM-ADA ENVI R^'^NTAL SOLUTIONS 

the highest heat release rates. A boiler designed to bum 
this type coal is shown in Fig. 9. Units using coals hav- 
ing high or severe ash-slagging tendencies will require 
furnaces with heat release rates about 10 to 15% lower. 
Units designed for some very severe ash-slagging coals, 
such as North Dakota lignites, may require furnace heat 
release rates reduced by 30% as compared with furnaces 
designed for low- and medium-slagging-type coals. 

With current use of high-volume type train shipments, 
coal from one source only may be considered for the life 
of the power plant; it may be shipped, for example, from 
northern West Virginia to New England. Thus, for best 
overall operation, units should be designed for the ash 
characteristics of the coal to be fired. 

Furnaces fired with oil are generally designed for high 
heat release rates. Conveonon-pass tube spacing can be 
set in design so as to overcome ash-deposition problems 
.when-high-ash „ojls .ar^. .fired. With these high heat re- 
leases, designs must take into consideration economic 
factor's of tube metals, furnace proportions and high- 
temperature corrosion. 

Gas tempering 

The second method of cooling hot furnace gas is that 
known as "gas tempering," in which relatively cool gas 
from the economizer outlet is mixed with the hot furnace 
gas near the furnace outlet {Figs. 9 and 10). The 
tempering gas supply is normally taken from the top of 
the main gas-recirculation duct. Gas recirculation for 
superheater control is discussed m Chapter 12. 

Cas tempering provides the operator with a control of 
furnace-exit-gas temperature with little or no effect on 
superheater and reheater absorption. Thus, if a high- 
fouling type coal is fired, the amount of tempering gas is 
increased to lower the gas temperature leaving the 
furnace to a level at which the convection surface is 
free from fouling. On the other hand, if a low-fouling 
type coal is fired, the amount of tempering gas is de- 
creased, thereby reducing fan power. With some coals, 
tempering may be reduced to zero where experience 
indicates that it is not needed. 

Gas tempering thus provides a positive means of con- 
trolling gas temperature at the furnace outlet. With this 
method of design, furnaces may be held to a reasonable 
height. Overall building requirements, steam piping, 
structural steel, and platforms are all decreased with no 
sacrifice in quality or performance of equipment. Bather, 
performance has been upgraded, since the gas tempera- 
ture leaving the furnace is subject to positive control 
and is not dependent on furnace cleanliness. When 
gases are cooled only by radiation, the upper furnace 
coohng surfaces may be covered with slag from low- 
fusion coal and will not do the required cooling. 

With gas tempering, the combustion gases arc cooled 
uniformly across the width of the furnace, minimizing 
the large temperature variation customary with older 
designs. The possibility of localized slagging and fouling 
and excessive superheater-metal temperatures i* there- 
fore reduced. 

With high steam temperature* and pressures it may be 
necessary to resort either to steam-cooling the walls or 
locating steam-cooled surface in high gas-temperature 
zones in the furnace subject to radiant heat. Cas ternper- 
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mg eliminates these requirements in most cases, and thus 
improves the reliability and availability of units. 

Gas tempering reduces the furnace height required to 
obtain an equivalent furnace-exit-gas temperature. The 
Universal-Pressure boiler (Fig. 10). has operated suc- 
cessfully with dry-ash removal with a furnace-exit-ps 
temperature of 2210F and 20% gas tempering at full 
loaa. 

Cas tempering permits engineers to design high- 
capacity units that occupy less space and have greater 
TeSability, lower maintenance, safer operation, and re- 
duced overall plant costs. 

Ash from pulvtrized-coal firing 

No matter how fine the pulverization, the fuel fed to the 
furnace >till has all its original ask However, the final 
ash product ejected from a pujverized-coal-fired unit 
differs in appearance, from , the refuse of a stoker-fired 
unit. With pulverized coal, nearly all the ash particles 
are formed in suspension and tend to remain in suspen- 
sion in a dry-ash furnace, with the individual particles 
well dispersed and very much smaller than those from 
spreader-stoker firing. In the slag-tan furnace, a portion 
of the ash particles coalesces on walls or other suitably 
designed surfaces and drains to the furnace bottom. 

When pulverized coal is burned in a dry-ash furnace 
(e.g., Fig. 10), about 807* of the ash originally in the 
coal leaves the furnace entrained in die flue gas. On the 
other hand, with pulverized coal burned in a slag-tap 
furnace, as much as 50% of the ash may be retained in 
the furnace. The other 50% of total ash in the coal leaves 
the unit in the form of dust. With the Cyclone Furnace 
70 to 80% of the total asb is retained, and only 20 to 
30% leaves the furnace as dry ash in the flue gas (see 
Ash Recovery and Dust Collectors, Chapter 20). Far- 
ticulate-rernoval equipment is placed ahead of the stack 
to prevent the ejection of large quantities of this ash to 
the atmosphere (Chapter 18). 




Fig. 9 Universal-Pressure boiler witn gas tempering i 
wall. 
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Fig. 10 universal-Pressure ooiier witn gas Tempering in front ano rear walls. 



Ash produced by stokers 

In the fuel bed of a stoker, whether of the spreader, un- 
derfeed, or chain-grate type, ash particles tend to be- 
come fused together. In a properly operating stoker 
burning a suitable coal the passage of air and the 
agitation of the fuel bed serve to keep ash accumula- 
tions more or less porous, and the ash is discharged to 
an ashpit in fairly large pieces varying from popcorn 
size upward. 

Not all the ash is retained in a fuel bed. With the 
types of stokers mentioned, and particularly the spreader 
stoker, some of the fuel is burned in suspension- A con- 
siderable quantity of ash particles, containing some 
unbumed and some still-burning fuel, is consequently 
carried over with the gases. With the spreader stoker 
this material is usually collected in hoppers provided for 
the purpose and is reinjected into the furnace for fur- 
ther burning of any combustible that it may contain 
(see Chapter U). Reinjectiou is also used occasionally 
with other types of stokers. 

Use of dry-ash or slag-tap units 

Considered answers to the following pertinent questions 
relating to fuel are essential in initiating the design of 
a successful coal-fired unit: 

1. Has the particular coal selected been burned exten- 
sively, so that its combustion and ash characteristics 
are well known? 

2. Will the source of coal and the characteristics of the 



coal remain substantially constant during most of the 
hf e of the equipment. What is likely to be the "worst" 
fuel supplied? 

3. What auxiliary fuel may be made available during 
periods of temporary suspension of coal delivery? 

4. What type of equipment is best suited to die experi- 
ence of the operating personnel? 

5. In the public interest, for better public relations, or 
to comply with civil regulations, what is required to 
limit atmospheric pollution from dust? 

6. What method of final refuse disposal is available? 

Answers to these questions make it possible to select 
proper equipment for the specific method of utilizing 
the coal. For instance, coal should not be burned in a 
slag-tap furnace if the ash fusion temperature and vis- 
cosity are higher than experience indicates they should 
be for successful tapping. Slag-tap furnaces are rarely 
suitable for an ash viscosity greater than 250 DOise at 
2600F. If the ash viscosity of the coal selected is too 
high or marginal, equipment permitting the ash to be 
removed in dry form is indicated. 

Ash erosion 

Ash erosion must not be ignored even though coal-ash 
particles may be exceedingly fine. Where ash parades 
are concentrated in a local region, such as in a gas turn, 
erosion b * potential problem. The induced draft fan is 
a well-known example, and erosion is an important fac- 



10-12-01 11:58AM F ROM-ADA ENV I RENTAL SOLUTIONS 



+13037340330 



T-035 P- 10/27 F-484 



tor to be considered in selecting the type of fan and its 
performance characteristics. Blade wear is relatively low 
at fan-blade-tip speeds under 22,000 ft/mm. Above this 
rip speed the wear from erosiou increases very rapidly 
and higher speeds should not be considered in designs 
having a high concentration of entrained ash. Local high 
concentrations of ash through the boiler setting may 
cause erosion of highly critical pressure parts. This ac- 
tion is liable to be found where ash tends to concentrate 
in streams, as at turns formed by baffles within boiler 
banks. In this case the remedy is to limit gas velocities 
and to eliminate baffles if possible. The elimination of 
baifles has been the trend in the development of coal- 
fired boiler units, as illustrated in Fig. 11, where the gas 
flow continues horizontally through the tube banks with- 
out turns. Maximum allowable gas velocities with vari- 
ous fuels are given in Table 4. - 

Table 4 

Design gas velocity, fps, throusn net free flow area 
in tube banks to prevent flue-dust erosion 



Type of Firing or fuel 



BoiSc Arrangement 
Mulli- Single 



75 
50 
60 
CO 
100 
75 
75 



75* 
60 
75 
75 
100 
10Q 
100 
100 



50 
60 



60 
45 
75 



Pulverized coal 
Spreader stoker 
CAaiu-gr<ite stoker, anthracite 
Chain-grate >tcW, coke breeze 
Chain-grace stoker, bituminous 
Underfeed stoker 
BUat-furoacc gas 
Cyclone Furnace 

Wood or other waste fuels containing: 
Sand 

Cement du>t 
Bagasse 

*Fur PC uniu burning fuels having more than 30% a^h on a dry 
basis, lirmt the maximum velocity tlirough the free flow area to 
65 fps, for PC units burning coal> producing fiy ash with known 
high abrasive tendencies, such as Korean or Central Indian coaU, 
Urmt the nwunum velocity through free How area to 45 fp> 

Erosion may also be a problem in slag- and ash- 
handling equipment. If the unit is of the slag-tap variety, 
the molten refuse or slag tapoed from the furnace must 
be cooled to be conveniently handled. This is done with 
water and the quenched product is usually small par- 
ticles, like coarse sand, which, regardless of the mode 
of transport, tend to wear the surfaces of the conveying 
system- When water is used for transport, the pump, 
pipe lining, and turns in pipes or sluices are especially 
subject to localized wear and are usually protected by 
replaceable linings of alloy steel or chilled cost iron. 

Design and operation of slag-tap units 

The method of disposal of coal ash by tapping from a 
boiler furnace was evolved in 1925. more by accident 
than by design, in a boiler furnace originally ejected 
to operate under dry-ash disposal conditions. During 
operation, the tow-fusion ash melted, collected in a pool 
at the bottom of the furnace, and was drained at inter- 
vals by means of an improvised arrangement. 

Many features of this furnace, the forerunner of later 
slag-tap furnaces, were totally inadequate for the for- 



mation, retention and disposal of fluid ash. The furnace 
bottom' was of ordinary brick that Quickly disintegrated 
under the chemical action of the molten slag. It was also 
apparent that the proper handling of a stream of molten 
sbg was a difficult undertaking. Nevertheless, this early 
experience opened the way to the development of a 
methud for easier handling and disposal of refuse in 
furnace operations. Some of the important requirements 
for adequate slag-tap furnace design that evolved from 
this development arc: 

1. The slag in the furnace must be kept fluid. The fur- 
nace temperature must be high and the slag-tap fur- 
nace should be designed to withstand die maximum 
temperature reached during combustion, vvhich is 
usually m excess of 3000F. 

2. Since fluid slag is heavy as well as extremely hot. it 
must be securely contained in "those • regions of the 
furnace where it tends to collect. 

3. The interior surface of the furnace must be chemi- 
cally inactive ro the constituents of the hot slag, 

4. Means must be provided to drain slag from the fur- 
nace as fast as it is formed, or at least at frequent 
intervals. 

5. Once the molten slag Jus left the furnace, it must be 
cooled to a temperature that renders it suitable for 
ultimate disposal. 




Burners 



Fig, ll Boiler witn dry-as* furnac* designed for noriiontai gas 
How through tub* banks without baffles. 
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To withstand the high temperatures noted above, all 
sides and the floor of the furnace are water cooled. More 
or less unsuccessful attempts were made at different 
times to employ other arrangements, including solid re- 
fractories in brick and molded form, air-cooled refrac- 
tories, and water-cooled tubes on various centers em- 
bedded in a variety of refractories. 

The continuous-tap arrangement for withdrawing 
molten slag from the furnace is illustrated in Fig. 12, 
The molten slag disintegrates as it comes in contact with 
water in the slag tank, and this final slag product is con- 
veyed to disposaL 

The difficulty in tapping slag of high fluid tempera- 
ture is most evident during low-load operation. Under 
these conditions, even a coal with a slag of medium fluid 
temperature may not be suitable for slag-tapping, since 
"the furnace temperance may hot high to 

attain the degree of fluidity necessary for tapping. 

One of the most important attributes of the slag-tap 
furnace is the coating of sticky ash that coven a portion 
of the furnace walls near the bottom. The sticky surface 
of molten ash, deliberately maintained in selected high 
temperature zones, serves to entrain other transient par- 
ticles. The ash so collected drains continuously toward 
the furnace bottom and is removed through the tap 
holes. The consequent reduction in the quantity of dust 
and ash leaving the boiler unit has a definite practical 
value, since it decreases the amount of dust to be han- 
dled by collectors and therefore decreases die size and 
cost of the dust collecting equipment. 

It may be possible to reduce building costs in housing 
units with slag-tap furnaces, since they are usually built 
with flat floors, tnus requiring less budding height. In 
planning new buildings, this may be a significant factor 
in total first cost. Even in outdoor installations the height 
of the supporting steel structure can be reduced. Also, 
slag-tap units may be installed in older plants where it 
would be difficult, because of the greater height required, 
to install a unit designed for dry ash removal - 



Stag W.pcr 



Oventow Seat 
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Fig. 12 Slag tan* for a large utility unit for collecting low 
viscosity molten asft when Burning a rmowestern coal. (Cour- 
tesy AJten-Snerman-Hoft Company.) 



Frs* 13 Steam capacity of B*W slag-tap and dry-asn boiler units 
of 300.000 ib/nr and aoove. for a 34-yr peood. 



Dry-ash and slag-tap furnace installations 

For the 34-year period 1936 through 1969, B*W sold 
567 slag-tap and dry-ash boJer units in sizes of 300,000 
lb of steam per hr and above, for a total capacity of over 
683,000,000 lb of steam per hr. Of these, 208 units for 
228,000.000 lb/hr, or 33% of the total, were of the slag- 
tap' type, and 339 units for 453,000,000 lb of steam per 
hr were of the dry-ash type. In the size range considered, 
the steam output of B>W dry-ash and slag-tap units by 
year* is shown graphically in Fig. 13. In the earlier years 
of the period, the greater part of the steam output was 
produced with slag-tap units. In the middle years of the 
period, the proportion of dry-ash units steadily in- 
creased, and in 1948 virtually an equal amount of steam 
was produced by each type. In the years 1948 through 
1969 more steam was produced by dry-ash units than by 
the slag-cap type. 

The statistics plotted in Fig. 13 for the units included 
in the study, indicate a steep increase rn the application 
of the dry-ash method of burning pulverized coal after 
the early period. One important reason for this increase 
is the fact that boiler designers, by improvements in 
burners, furnace proportions, and the arrangement of 
heating' surfaces to preclude slagging and fouling, 
largely overcame the earlier difficulty of keeping the 
dry-ash unit free of slag or troublesome ash. 

Ash and slag removal from heating aurfacss 

Furnace walls and convection-pass surfaces can be 
cleaned of a*h and slag while in operation by the use 
of sootblowcrs using steam or air as a blowing medium. 
Tubular air heaters havmg tubes 20 feet long or less can 
be cleaned by air or steam blowers. With tubes oyer 29 
feet long, cleaning is done by circulating metal shot 
through the tubes for ash removal. 



+13037340330 



T-036 PIE/27 F-484 



Coal-ash deposition 

Ash deposition in various boiler zones is an important 
factor to be considered by the boiler designer and op- 
erator. Initially, ash deposits on furnace walls act as in- 
solation, thereby delaying cooling of flue gases. This 
can cause an increase in steam temperature and is one 
factor that can cause the deposits to advance into nor- 
mally cooler pan* of the boiler. If the deposits are not 
removed during operation, accumulations forming on 
furnace walls may cause excessive gas temperatures 
downstream, or in some cases, these accumulations may 
fall and damage pressure components. Accumulations in 
tube banks may block gas passes and require a boiler 
outage for manual cleaning. 

The occurrence and severity of ash deposition depend 
largely on the eosl-ash composition and amount of coal 
ash, but can be strongly influenced by the method of 
firing, design of equipment, and the operating condi- 
tions. Some of the influencing conditions are shown in 
Table 5, In practice, the design parameters and operat- 
ing conditions are determined by the characteristics of 
the a*h. For example, if the ash does not tend to form 
troublesome deposits, the furnace wall surfaces will re- 
quire few, if any, sootblowers for cleaning. The boiler 
can be designed with deep banks of closely spaced 
superheater or reheater tubes located in high-gas-tem- 
perature zones. Relatively few sootblowers will be re- 
quired and these can be operated at high speeds, with 
small nozzles and low pressures. 

On the other hand, if the ash produces hard, massive 
deposits, the superheater and reheater tube bank* are 
designed to permit ease of deposit removal. For instance, 
lateral tube spacing is increased, tube bank depth is de- 
creased, and the banks are located in cooler-gas-tem- 
perature zones. Additional sootblowers, operating at 
maximum capability, may be required. 

It is therefore essential to identify the factors re- 
sponsible for the fouhng characteristics of various coals, 
so that the optimum design can be achieved with the 
coal or coals being burned. This has required a large 
amount of research into the nature of coal and coal ash, 
the extent and nature of ash deposits, the relationship 
between coai-ash composition and ash deposition, and 
the effect of boiler operating variables, the results of 
some of this research were discussed earlier in the chap- 
ter when it was noted that coal ash was derived from 
mineral matter associated with the co3l-forrmng plants 
and from inorganic constituents added to the coal de- 
posit from outside sources during or following coal for- 
mation. These materials are usually referred to as in- 
herent and adventitious mineral matter, respectively. 
They occur in many forms, including shales, kaolins, 
sulfides, carbonates, chlorides and other*. Identification 
of the mineral species is difficult for a variety of reasons. 
However, the presence of several of them has long been 
associated with severe ash deposition, fouling, and cor- 
rosion, after the organic material is burned and die in- 
organic constituents are carried through the boiler by 
the flue gases. 

An obvious answer to the problem is to remove all of 
the coal ash. Although some ash removal is possible and 
actually accomplished commercially, the task is very 



diiflcult, and economic and technical limits are en- . 
countered. Therefore, it is imperative to acquire a com- 
prehensive understanding of the nature of coal ash and 
its behavior during and following the combustion proc- 
ess. This is bein? accomplished through laboratory, 
pilot-plant, and field investigations being carried out in 
the U.S. and abroad. 

The resulrs of some of these investigations are given 
in the following section which briefly reviews some of 
the ash-deposit types and their effect on boiler operation, 
outlines some of the factors affecting ash deposition, and 
describes techniques used to assess deposit severity. 

A*h*deposit types 

A portion of the coal ash and its combustion products 
is carried by the flue gases through the boiler, regard- 
less, of the method of real firing, Much ol the ash passes ... 
through the boiler without depositing or, in the case of 
the slag-tip furnace, is removed as molten slag. The ash 
passiiig through the boiler is subject to various chemical 
reactions and physical forces which lead to deposition 
on stationary surfaces. Flue-gas, particle and surface 
temperatures, gas velocity, flow patterns, as well as other 
factors such as particle size and composition, influence 
the amount and nature of ash depositing on cooled sur- 
faces. Deposits are frequently divided into three broad 
types; 

l f Fused slag deposits forming on furnace walls and 
other surfaces exposed to predominantly radiant heat 
transfer. 

2. High-temperature bonded deposits occurring on con- 
vection beating surfaces, especially superheaters and 
reheateis. 

3. Low-temperature deposits occurring on air beaters 
and evonomizen. 

Fused slag deposit* 

Slag deposits are usually associated with physical trans- 
port of molten or tacky particles by the. flue gases. Con- 
densation of species vaporized by the flame also can 
occur as the gases cool, causing enrichment of certain ele- 
ments in the wall-slag deposits. For slag-tap furnaces, a 
portion of the furnace is usually designed to provide a 
continuous layer of slag near or in the combustion zone. 
Beyond the slagging 2one, and in dry-a*h pulverized 
coal boilers, accumulation of deposits can cause the 
problems described earlier. Fig. 14 shows hu example 
of severe Jagging encountered on one boiler. Deposits 
forming beyond the slagging zone are normally removed 
with short retractable sootblowers. Removal of some 
slags can be very difficult, depending on several factors 
diat are discussed later. 

Htgtj-temperature bonded deposits 

The formation of deposits on convection heating sur- 
faces has been the subject of a great deal of research. 
The extent of these deposits varies greatly from coal to 
coal and with changes in the furnace wall condition. 
They can be very troublesome because they can obstruct 
gas passages, and are sometimes very difficult to re- 
move with normal in-service cleaning equipment. 

Investigators have identified several types of bonded 
deposits, including alkali, calcium, phosphorus, and sihea 
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Table 5 

Design parametsrs-ccal and coal ash 



Fuel characteristics 



I, Properties of coal substance 

a. Physical, including density, 
hardness, specie heat, thermal 
expansion and thermal 
conductivity. 

d. Chemical-Behavior during 
peatrng. i.e., carbonization, 
gssification. and combustion, 

Technological properties 
X. Prowmate analysis 

2. Ultimate analysis 

3. Free-swemng index 

4. Differential tnermai analysis 

5 Therrnogravimetnc analy** 

6 Effluent gas analysis 

7 GnndeWity 

8. Calorific value 

9. Sieve analysis 
10. igmtaM'ty 
ll^Aorasiveness 



2. Properties of coal asn 

Determined by the concentration 
and type ot minerals mtne coal 
containing the following elements. 

e Caiaum-Megnesium 

f. iron 

g. SliCa 
h-Aiumma 



a. 

D. Sulfur 
c. Cnionne 
0. PnosphOruS 



T*h*a&&«» properties 

1. Fusion temperatures 

2. Viscosity of slag 

3. Surface tension of siag 

4 volatility of constituents m slag 

5 Sintering temperature and strengtn of ash 



r 



Boiler design and operation 


X, Firing method 


4- Combustion conditions 


a. Slag tap, PC 


a. Excess air 


and Cydone 


O. Air temperature 


b. Dry ash. PC 


C. Load Cycles 


c. Fuel ped. chain-grate. 


d Residence time 


and spreader stoKer 




2, Furnace design 


5- Properties of flue gases 


a. Temperature 


a. Hating 


D. Flow patterns 


o. Wall construction 


c Composition 


c. Type, number and 




arrangement ot Burners 


6. Properties of 


d. Furnace geometry 


entrained ash 


e. Exivgas temperature 


a. Dust loading 




b. Size consist 


3. Tube ban* design 


c. Composition 


a. Horizontal or 


d Microstructure 


vertical tupes 




o. Spacing, Side and oacK 




c Depth of OanK 




d. Alignment 




e. Freedom of 




tude movement 





Sootblower 
design and operation 

1, Blowing medium 

a. Air or steam 

b. Pressure 

c. Temperature 

2. Type of sootblower 

Short retractable 

b. Longretractapie 

c. Fixed position rotating 
d- Traveling frame 

3, Location and spacing 
of sootblower* 

4, Sootblower nozzles 

a- Type 
o. Size 

c. Numoer 

d. Angle of anacK 

5. unce-tube speed 
2,. Rotational 

d. A*iai 

6. Frequency of 
blower operation 
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Table * 

Analysis of superheater deposits, ws fly a*n 
from a boiler firing an Illinois coal 



Fig. 14 Fumac»-wan slag deposits. 

types, depending on the bonding agent. They appear 
to be associated with vaporization of coal asb con* 
sncuents during combustion and subsequent condensa- 
tion on fly-ash particles on surfaces. The alkali and cal- 
cium-bonded deposits are more common in rhe United 
States, whereas problems with these and the other types 
havo been described by investigators in other countries- 
The occurrence and severity of fouling by these bonded 
deposits depend chiefly on the composition or the coal 
ash; but are influenced by the method of firing, the de- 
sign of equipment and the conditions of operation- 

Since the alkali-bonded deposits are generally ac- 
knowledged a* the most prevalent, especially with U.S. 
bituminous coals, they will be treated more extensively 
in the following sections. An example of severe fouling 
on superheater tubes is shown in Fig. 15. 

Deposits found in the superheater and reheater regions 
of the boder are typically composed of a dun inner layer 
with a characteristic composition and appearance dis- 
tinctive from the outer layer, which has a composition 
similar to the fly ash. Table 6 give* a comparison of the 
two deposit layers and the fly ash from a boiler firing an 
Illinois coal. y , 

The inner layer is normally tightly attached to the 
tube surface and there is strong evidence that a liquid 
phase exists within the layer at operating temperatures. 
This layer provides a bond between die superheater 
tube and the outer layer of sintered fly ash which forms 
die bulk of the deposit and becomes massive under 
certain conditions. 

It is apparent that the inner layer is rich in sodium and 
potassium, and it usually contains sulfate in excess of 



Constituents 
of Ash. 
% by Wc 



Superheater Deposits 
ply asU Outer Layer Inner Layer 



SiO> 37.4 36 2 15 8 

Al 2 Oi 154 X2.9 9.0 

feoOs 203 199 11.8 

Ti6-> U> 11 05 

Cad" 5.2 9.1 3.9 

MgO 0.9 W 0.8 

Na-O 3.5 4.3 5.9 

JC*0 2.7 2* *° 

SO* 8.6 13.1 43.3 

Not DetcnnincJ 33 _O0 

Total 10O0 100.0 100.0 

Water Solubility, % X r ... P°-_. - 

the normal alkali equivalent, which is attributed to the 
formation of complex iron and aluminum sulfates. In- 
vestigations carried out by B*W indicate that this white 
inner layer is formed over a period of time as a reaction 
product of the gaseous sulfur oxides and fly ash deposit- 
ing on tube surfaces. Inspections and analyses were 
made of deposits forming on an air-cooled probe in a 
boiler firing an Illinois coal. After one week of exposure 
to flue gases at approximately 2OC0F, the deposit 
formed on the metal surface, controlled at 1050F, con- 
sisted of loosely held fly ash with no evidence of a white 
bonding material. The white layer began forming after 
two week* and its thickness progressively increased 
throughout the remainder of the ll-week test period 

The white layer not only provides a bond for the bulk 
fl r a*h deposit, bur can also be responsible for corrosion 
of high temperature tubes. This i* discussed in a subse- 
quent section in this chapter. 

The nam rc and amount of bulk deposit forming on the 
tube are functions of fly-ash characteristics, which in 
turn are related to the coal-ash composition, finng 
method, and furnace operating conditions- For fly ash 
with similar properties, the rate of ash deposition is 
proportional to the amount of fly ash being transported 
by the flue gases. 




Ffc. 15 ash deposits on secondary superfteater tunes. 
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Low-temperature deposits 

Formation of deposits in the low-temperature zones such 
as the economizer and air heater is usually associated 
with condensation of acid or water vapor on cooled 
surfaces. Other types of deposits, especially in the 
economizer of boilers with bed-type combustion sys- 
tems, have also been reported while firing coals with 
relatively small amounts of phosphorus. Phosphate 
deposits have been extremely hard, but the problem is 
restricted to a limited number of boilers, located mostly 
in Europe. 

Condensation of acid or water vapor can be encoun- 
tered when metal surfaces are allowed to cool below the 
acid or water dew points. The sulfuric acid dew point 
depends on the amount of sulfur trioxide present in the 
flue gases, but it is usually between 230 and 300F for 
Sb 3 concentrations hi 13-30 parts per million'The water 
dew point depends on the coal and air moisture levels, 
the hydrogen in the coal, the excess air. and the amount 
of steam used in sootblowing. It is usually in the range 
of 105-115F for coal firing. On air heaters, where metal 
temperature is a function of both air and flue gas tem- 
peratures, condensation on low temperature surfaces of 
tubular heaters can occur on tubes near the air inlet 
and flue gas outlet or on cold-end baskets ou regenera- 
tive heaters as they are being heated by the flue gases 
on each cycle. Several factors, such as maldistribution of 
air or flue gases, excessively low exit-gas temperatures 
and very low air temperatures can aggravate the prob- 
lem of condensation. Low gas flow during low load, 
start-up and other similar periods can also result in con- 
densation of water and acid. 

The deposits themselves can be composed of three 
types of material. First, the acid attack can produce 
various amounts of corrosion product next to the metal 
depending on the amount of add available the tempera- 
ture, and the type of metal. Second, this wet deposit 
can trap fly ash which adds to the bulk of the deposit. 
Third, the acid can react with constituents such as iron, 
sodium and calcium in the fly ash to form sulfates, which 
increase the deposit bulk. 

The deposits are usually characterized by low pH 
(highly acidic); many contain hydrated salts, and for 
most bituminous coals they are water soluble. In mis 
case, deposits can sometimes be water washed from low- 
temperature surfaces. However, in some cases when the 
coal ash contains Urge amounts of materials such as 
calcium, the reacuon product CaS0 4 is nearly insoluble. 
The deposits that form are very hard and difficult to 
remove by washing. Complete plugging of gas passes 
also makes removal by water washing more difficult, 
even when the deposits are water soluble. 

Deposition can be eliminated by operating the metal 
temperatures well above the acid dew point temperature 
of the flue gas. but this would result in a significant loss 
in boiler efficiency. Improvements in design to get more 
uniform air and gas distribution, better materials or 
construction and improved cleaning systems have been 
combined to minimize the low-temperature deposit 
problem while operating at relatively low exit-gas 
temperatures- 



Evaluation techniques 

The development of laboratory techniques for evaluat- 
ing the slagging and fouling tendencies of coals is an 
important and necessary step in providing optimum 
boiler designs for each fuel type Typical ASTM tests 
are usually inadequate to distinguish fouling tendencies 
of various coals. Extremes in ash fusion temperatures 
may be indicative of differences in fouling and slagging 
potential, but most coal ash falls within a narrower 
range and die fusion temperatures are therefore in- 
adequate. Operating experience from commercial boilers 
is essential in establishing the actual behavior of coals, 
but controlled testing of large boders is unwieldy and 
expensive. Furthermore, it is impossible in these krge 
boilers to examine very small coal samples, such as 
core drillings from a new mine. Thus, information that 
would be of value in ffstabhslung boiler and cleaning 
equipment design parameters might be delayed, prob- 
ably until a new mine is operating, and the boiler has 
already been designed. It is therefore essential that 
laboratory tests be available to evaluate the behavior of 
coals. Several methods have been developed by B#W 
to aid in providing optimum design parameters for 
various coal-ash types- 
Wall slagging 

The deposit forming on water-cooled furnace walls 
usually varies in appearance, depending on the composi- 
tion, atmosphere, and slag temperature. Adjacent to the 
tube surface, it is frequency porous and relaovely loosely 
adherent to the tube surface. As the deposit builds in 
thickness, the surface exposed to the flue gases becomes 
plastic, then fluid, if temperatures are high enough when 
it reaches an equilibrium thickness. However, the plastic 
sbg is more difficult to remove as sootblowers can be 
almost ineffective in penetrating the viscous plastic shell 
that sometimes forms at the outside surface of the wall 
slag. 

Various methods have been used in attempting to 
predict the slagging tendencies of a coal ash. Ash fusion 
temperatures, in some cases, provide an indication of 
the potential problems that might be encountered with 
a parucular coal. For example, coal ash with extremely 
high fusion temperatures remains dry and little or no 
deposit forms on furnace walls. However, for coals with 
lower ash fusion temperatures, other factors are impor- 
tant. Coal-ash composition has also been shown to in- 
fluence the slagging behavior of coal ash and formulas 
have been proposed to calculate softening temperature 
from ash composition, but here too. no correlanon has 
been developed to enable prediction of wall-slagging 
tendency. 

Extensive field tests, during which time-lapse movies 
and other observations were made, confirmed that the 
slags that were plastic were very difficult to remove. 
Viscosity measurements, usually made to determine tow 
character.stics for slag-tap performance, were extended 
to higher viscosity levels. These measurements showed 
that the slags most difficult to remove were plastic over 
a broad temperature range, whereas slags that were 
easy to remove were plastic over a relatively narrow 
temperature range (see F»g. 16) This relationship was 
observed for a number of coal-ash slags and efforts are 
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Fig. 16 ViSco*ty of **U slags (o*id*ing atmospnere). 

now being made to develop a correlation giving coal-ash 
viscosity in the plastic regiou as a function of tempera- 
ture and slag composition, including relative amounts of 
FeO and Fe 2 0 3 . The influence of the iron oxidation state 
is very strong and the change in oxidaoon level may be 
due to changes in excess air. fig- 17 shows the effect on 
viscosity by changing from an oxidizing to a reducing 
atmosphere over the slag melt. Flame impingement on 
furnace water walls can be responsible for creating a 
strongly reducing condition of the slug and causing 
severe wall slagging. 
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High-temperature bonded deposits 

Early research effort in this area was directed toward 
alleviating ash deposition by modifying boiler design, 
injecting additives, and improving boiler cleaning equip- 
ment. During this time, numerous coal analyses were 
obtained in an effort to isolate troublesome coal con- 
stituents, and concurrently to develop laboratory tech- 
niques for assessing the deposit-forming tendency of a 
coal One te ch nique, developed some time ago, has 
proved to be very useful and is still in use today. This 
technique, called the sintering test, determines the 
relative strength of a deposit. In this test, the fly-ash 
samples collected from the flue gases are passed through 
a 60-mesh U S. Standard screen to remove parades of 
slag and are then ignited to constant weight at 900F to 
remove any carbon that might be present. The ignited 
fly ash is then reduced to a minus. 100-mesh size, and at 
least 24 cylindrical specimens (0,6-in. diameter by 
0.75-in. long) are formed in a hand press at a pressure 
of 150 psi. At least six specimens are heated in air. usu- 
ally at each of four temperature levels ( 1500, 1600, 1700 
andl800F) for 15 hours. 

After the specimens have cooled slowly in the furnace, 
they are removed, measured, and then crushed an a 
standard metallurgical testing machine. The sintered or 
compression strength is then computed from the applied 
force and the cross-sectional area of the sintered speci- 
men. The average strength of six specimens is used as 
the strength of the sintered fly ash at a particular sinter- 
ing temperature, 
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Fig- 17 Vi*«*ity-ternperature relationship. 



Fig- 18 A comparison of sintered strengths and ash fusion 
temperauir«s tor a fouling and a non-fouling coal. 

Extensive application of this method, combined with 
observation of operating boilers, showed that <**k*nXh 
a tendency to form troublesome deposits produced fly 
ash with high sintered strength. Conversely, J^* ro S* 
fly ash was associated with non-fouling coals. /The two 
extremes are illustrated in fig. 18 which shows die 
strength of sintered fly ash for two coals having similar 
ash fusibility but widely varying fouling characteristics. 
This figure shows that ash fusion temperatures bear 
little relation to the tendency to form bonded deposits. 

Coal samples were also obtained while the simenug 
information was being compiled. A relationship between 
totalalkaU content { Na s O and K*0. expresses equiv- 
alent total Na^) and fly-ash sintered strength was ob- 
Srved fcr the samples collected. This trend is shown m 
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Fig." 19 Effect of alhali content in eosi. 

Fig. 19, which illustrates the higher coal-alkali content 
associated with high-strength fly ash. As knowledge of 
the factors affecting ash deposition increased, guidelines 
were established to arrive at suitable equipment designs 
for various fuels. The first such guideline, called a 
"fouling index." used total alkali content in the coal as a 
criterioh. This index divided coal into three categories, 
based on the alkali content. Coals with 0.4% alkali or 
lower produced deposits that could easily be removed 
by sootblowers, but superheater fouling increased 
markedly when the alkali content of the dry coal was 
more than 0.6%. Between these two levels, intermediate 
fouling was encountered. 

During mis period, it was also learned that additives 
such as dolomite and magnesia have a pronounced eject 
on the strength of fly ash. For bituminous coals, which 
normally contain more acidic than basic constituents, 
magnesia was the most effecuve additive tested. Fig^ 2D 
shows the effect of several additives. Subsequent field 
tests in which magnesia and high-magnesium dolomite 
were injected into boilers, conSnned that these additives 
could substantially lower sintered strength and reduce 
fouling with bituminous coals. 

Development of laboratory tests 

The fouling guidelines were improved as information 
was acquired from operating experience, sintering data, 
and coal analyses. However, the acquisition of data for 
improving guidelines was slow and expensive because it 
was dependent on field tests. This, of course, meant full- 
scale boiler tests under constant conditions with a large, 
consistent coal supply which became more difficult as 
unit size increased. In an effort to improve the efficiency 
and accuracy of obtaining data, a research program was 
initiated to develop a technique to evaluate the fouling 
potential of a coal based on information developed m 
the laboratory. The primary requirement for this step 
was the production of suitable fly ash for evaluation by 
the sintering test. This was accomplished by building 

a small coal-fired pilot plant 

Tests made in the pilot plant confirmed field experi- 
ence, indicating that it could be used as a tool for 
evaluating ash-fouling tendency. Fig. 21 show* that fly 
ash from this pilot plant had widely differing strengdiS; 
those strengths related well with fouling history. 



Numerous tests have been made with a variety of 
domestic and foreign coals. These coals were selected 
to provide a wide range of analyses and fouling potential 
when this information was known. The actual ranges 
of concentrations of coal-ash consntuents for all coals 
and for the bituminous coals tested in this and other 
programs are compared in Table 7 with die ranges typ- 
ical of U.S. coals; 

Table 7 , 
Coal-ash constituents of pilot plant coals vs typical U-5. coals 
Percsnt oy weigtit 





All Coals 




Tested 


S102 


3.3-61 




<5(M3 




2 6-30 


TiO* 


0.3- 14 


CO 


0.9-33 


MgO 


0.4-10+ 


NasO 


0.1-14 


K3O 


0.2- 3.0 


SO3 


1 -23 



Buuminoui 
Coals 
Toted 

37 -61 
13 -43 
2.6-30 
0.7- 1.4 

03- 9 2 

04- 2.4 
0.1- 2.4 
0.3- 3.5 



Typical 
U.S, Coals 

20 -60 
10 -35 
5 -35 
03- 2.5 
1 -20 
0.3- 4 

1 -4 

0.1-12 



} 



This comparison shows that information has been ac- 
quired for coals with constituent concentration ranges 
to some cases greater than those typical of U.S. coals, 
and thus indicates a very wide range of coal-ash com- 

^These experiments have demonstrated that sodium is 
the roost important single factor affecting ash fouling. 
Potassium, which had been included in previous alkali- 
fouling indices, makes no perceptible contribution to 
sintered strength. The amount of waier-sohible sodium, 
which Ts related to the more readily vaporized sodium, 
was shown to have a major effect on sintered strength. 

This result was achieved by washing the coal with hot 
condensate to the laboratory to remove the water-soluble 
sodium which is related to the more readily vaporized 



© Caioum Sultan © Magna**" Suwe 
© Fullers Earm © Dow.te 

<D Kaolin <D Calcium 0»k» 

0 Twe (§> Magnesium 0*»e 

ten mature l pan aoauive 10 4 pans Vr asn 




1600 1300 
Sifnanng T»mper#iurc. f 



2CC0 



Fig. 20 Effect Of additives. 
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Fig. 21 Comparison of sintering characteristics of laboratory 
fly asm 

sodium. The washed coal was then fired in the pilot 
plant and sintered at various temperatures. In one case 
a fouling coal washed with hot condensate and sintered 
at 1700F had a fly-ash strength only 107© ° f the value 
obtained with an unwashed sample at the same sintering 
temperature. 

Information from the tests carried out thus far is being 
processed to develop correlations between fly-ash sin- 
tered strength and coal-ash composition, using both 
total and water-soluble sodium. 

Lignites 

Tests with several North Dakota and Canadian lignites, 
and an Australian brown coal, all of which have ash 
with high alkali contents (CaO, MgO, Na 2 0, K a O), 
have shown that fly ash from these coals will sinter at 
low temperatures, but sintered strengths remain low 
regardless of fouling tendency. Since this ash contains 
large amounts of alkaline materials, which react with 
sulfur dioxide to form sulfates, the bond is probably a 
sulfate type- 
Effect of operating variables 

Although the predominant factors affecting ash deposi- 
tion are tie amount and composition of the coal ash. 



boiler operating conditions have also been demonstrated 
to affect deposition. Some of the factors that have been 
studied are excess air, firing method, and deposit-time 
temperature, which is a function of the gas-tube tem- 
perature relationship as well as ash properties. 

The effect of excess air variation on viscosity is indi- 
cated in Fig. 17. It was noted earlier that olastic slag 
is most difficult to remove from furnace walls, and this 
figure shows that variations in atmosphere from reducing 
to oxicUing have a major effect on the nature of the 
ash. In practical terms, this means that care must be 
exercised in maintaining proper coal/air ratios at all 
twes. If imbalance* are allowed w occur, the sjggmg 
may be aggravated Flame impingement on furnace 
walls, or operating several burners with less than theo- 
retical air required for combustion and others at high 
excess-air levels, are typical ways in which this can oc- 
cur. Increased slaggine can also raise temperatures 
entering the convection bank, which leads to higher gas 
and deposit temperatures, thereby increasing deposit 
strength (see Fig. 19). Thus, although excess air has no 
direct effect on deposit strength, the higher gas tem- 
peratures caused by increased furnace wall slagging 
do affect superheater deposition. 

Since deposition appears to be associated with vapori- 
zation of coal ash constituents, this phenomenon has 
been studied extensively. Vaporization is strongly de- 
pendent on mineral-matter type and on time and com- 
bustion temperature. Combustion temperature in turn is 
affected by neat release rate (including firing method), 
excess air, combustion air temperature, and coal char- 
acteristics' The rate of deposition is proportional to the 
amount of ash suspended in the flue gases and actual 
operation, can be more severe for the lower strength 
deposits because of the higher rate of deposition. For 
bituminous coals only a small amount, usually less than 
5%, of the suspended ash is deposited on convection 
banks, but for lignites this figure may be much greater. 

Sintering time or reaction time is also a very impor- 
tant factor in determining deposir characteristics. Fig. 
22 shows that, if a deposir is not removed promptly, the 
strength of the deposit increases many times. Thus, es- 
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Tig. 22 Effect of sintering time. 
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tablishing sootblower operating frequency and coverage 
alsoa* f extremely important facet of the overall prob- 
lem of ash deposition. 

Coal-ash corrosion 

Serious external wastage or corrosion of high-temperature 
superheater and reheater tubes was first encountered m 
cS l-fired boilers in 1955. Tube failures resulting f*>m 
excessive dunning of the tube walls, as shown «> F* 
23. occurred almost simultaneously m the reheater ot a 
dry-ash furnace boiler and the secondary superheater ei 
a slac-tap furnace unit. Corrosion was confined to tne 
outlet tube sections of the reheater and the secondary 
superheater, which were made from cbrome-ferntic and 
stainless steel alloys, respectively. _ n m , 

Significantly, these boilers were. among the first to be 
designed for 1050F mam and reheat steam Kmperatures, 
Kfba* units burned high-sulfur high-alU coals 
from central and southern Illinois, which were causing 
chronic ash-fouling problems at the tune. 

Early investigations showed that corrosion was found 
on tubi surfaces beneath bulky layers of ash and slag. 
When dry. the complex sulfates were redely in- 
nocuous, but when semi-molten U100-1350F ), tney 
corroded most of the alloy steels that might be used in 
"peAeater construction, as weU as other normally cor- 
rosion-resisunt materials. 

At first it appeared that coal-ash corrosion might be 
confined to boilers burning high-alkali coals, but coro- 
ulex sulfate corrosion was soon found on superheaters 
and reheaters of several boilers burning low-to-medium 
alkah coals- Where there was no corrosion, the complex 
sulfates were either absent or the tube-metal tejupera- 
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tures were moderate (less than HOOF). The general 
conclusions drawn from this survey of corrosion were: 

1 AD bituminous coals contain enough sulfur and alkah 
' mewls to produce corrosive ash deposits on super- 
heaters and reheaters, and those containing more than 
3.5% sulfur and 0.25% chlorine may be parucularly 
troublesome. 

2 Deposit temperature adjacent to die tube surface is 
' tluTdominant factor affecting rate of corrosion Ex- 
perience has shown that the combination of tube- 
metal temperature and gas temperature provides a 
Seal criterion for estimating deposit temperature 
md for establishing design temperature «™ ts -*>£ 
24. which is used as a guide in design, mdicaws stable 
and corrosive zones ol fuel-ash corrosion as a func 
tion of gas and metal temperatures. 
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Fig. 24 Fuei asn corrosion— stable and corros.ve aones. 

Based on this information, B«W modified the design 
of its boilers to reduce greatly the corrosion ol : super- 
heaters and reheaters. These modifications included 
changes in furnace geometry, burner configuration, 
supeLater arrangement, and the use of gas tempering, 
all of which reduced metal and gas temperatures ; and 
reduced temperature unbalances. Expense* fromtiiese 
Sstallarions P has shown that it is possible to operate 
boilers with main and reheat steam temperatures up to 
1050F with little, if any, corrosion. - 

Meanwhile, there was a gradual return to the WOOF 
steam conditions for new plants, due P^dy to 
nomic factors and secondarily to coal-asb co^sion 
Tliis temperature level permits the use of lower-cost 
Stoys to Xe boiler, steam piping, and turbine wnh sub- 
STsavmgs in investment costs, and it ^J£"*»» 
™*ter mareto of safety to avoid corrosion. Steam tem- 
SSeTwS therefore probably remain on the current 
fS^pLeau until economics dictates the use of high- 
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Fig- 25 Transverse sections of corroded tubes from secondary 
$uperne8ter platens. 

temperature alloys and until methods are developed for 
avoiding corrosion at higher steam temperatures. 

General characteristics of corrowon 
External corrosioii of superheaters aud rebeaters is con- 
centrated on the upstream side of the tube, as shown in 
Fig. 25, The greatest metal los* usually occurs on the 
10 and 2 o'clock sectors of die tubes and it tapers off to 
little or none on the back side of the tubes. The corroded 
surface of the tube is highly sculptured by a shallow 
macropitung type of attack. The amount of corrosion, as 
measured by reducrion in tube wall thickness, varies 
considerably along the length of the tube, depending on 
local conditions, U„ the position of the tube in the bank 
or platen, the proximity of sootblowcrs, the composition 
of ash deposits and. most importantly, the gas and metal 
temperatures. . 

The corrosion rate is a nonlinear function of metal 
temperature (Fig. 26). The corrosion of both chrome* 
ferritic and l8Cr-6Ni stainless steels increases sharply 
above a temperature of 1150F. passes through a broad 
maximum between 1250 and 1350F, and then decreases 
rapidly at still higher temperatures. 

The highest corrosion rates are generally found on the 
outlet tubes of radiant superheater or reheater platens 
opposite retractable sootblowers. Values ranging' from 
50 to 250 mils/year have been observed on I8Cr-SNi 
stainless steel tubes under these adverse conditions. 
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When similar high-temperature surfaces (U0O-H75F) 
are arranged in convection tube banks so they are 
shielded from direct furnace radiation and sootblower 
action, corrosion rates are much lower, ranging between 
5 and 20 mils/year. 

Corrosive ash deposits 

Corrosion is rarely found on superheater or reheater 
tubes having only dusty deposits. It is nearly always as* 
seriated with sintered or slag-tvpe deposits that are 
strongly bonded to the tubes. Such deposits consist of at 
least three distinct layers. The outer layer, shown dia- 
gramatically in Fig 27, constitutes the bulk of the de- 
posit and has an elemental composition similar to that 
of fiy ash. Though often hard and brittle, this hyer is a 
porous structure through which gases may diffuse. In- 
nocuous by itself, it plays *n. important part in the 
formation of an intermediate layer that contains the 
corrosive agents 

The intermediate layer, frequently called the white 
layer is a white-to-yellow colored material which vanes 
in thickness from fc, to *4 to- It * M a $ alk 7 

texture where corrosion is mild or nonexistent but is 
fused and semi-glossy where corrosion is severe. In the 
hater condition this layer is difficult to remove as it is 
so firmly bonded to the coiroded surface beneath. 

Upon heating in air, the intermediate layer melts 
around 1QQ0F and slowly discolors and hardens into a 
hard moss resembling rust. Chemical analyses of this 
layer show that it contains higher concentrations of 
potassium, sodium and sulfur than does the parent coal 
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Fig. 25 Effect of wnperature on corrosion rate. 



F,* 27 Analyses of typical asn deposit from 1S08*. super* 
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ash A large pan of this deposit is water soluble and the 
water-soluble fraction is always acidic. The identifica- 
tion of compounds makmg up the intermediate layer a 
difficult because its constituents are not well crystallized. 
The normal sulfates are conspicuously absent and the 
complex alkali sulfates are detected irregukjrly. The 
most common compounds found are Na 3 Fe(SO«) 3 and 
KaI (SO«) 3 although other complex sulfates are thought 
to be present. 

Laboratory studies have shown that complex alkali 
sulfates, when molten, rapidly corrode most, if not all, 
superheater alloys. Corrosion begins between 1000 and 
1150F. depending on the relative amounts of complex 
sodium and potassium sulfates present, and whether 
these are predominantly iron or aluminum-base com- 
pounds. Corrosion usually begins at the lower tempera- 
ture where the sodium-iron-sulfate system is the major 
part of the intermediate layer, but corrosion is more 
severe and persists into a higher temperature range 
when the potassiura-alumioum-sulfate system is the 

dominant one. , 
If the intermediate layer is carefully removed, a blacK. 
glassy inner layer is revealed, which appears to have 
replaced the normally protective oxide on the tube. Th»s 
layer is composed primarily of corrosion products, i.e., 
oxides, sulfides and sulfates of iron, and other alloying 
constituents in the tube metal It seldom exceeds ft* in. 
thickness on corroded 18Cr-8Ni stainless steel tubes^ 
probably because of its strong tendency to spall off 
when the tube cools. The layer containing corrosion 
products from chrome-ferrioe alloys often reaches % in. 
thickness and exhibits Uttle tendency to spall as the tube 
cools. 

Corrosion mechanisms 

The elements involved in coal-ash corrosion (sodium, 
potassium, aluminum, sulfur, and iron) are derived from 
the mineral matter in coal. The minerals supplying these 
elements include shales, clays and pynte. which are 
commonly found in all coals. 

During the combustion of coal, these minerals are ex- 
posed to high temperatures and strongly reducing 
effects of carbon for very short periods of tune. Al- 
though comparatively stable, the mineral matter under- 
goes rapid decomposition under these conditions. Some 
of the alkalies are released or volatilized as relatively 
simple compounds, which have "dew points" in the 
1000-1300F range. Furthermore, the pynte is oxidized, 
releasing S0 2 with the formation of a small amount of 
S0 3 leaving'a residue of iron oxide (Fe 2 0 3 ). 

By far the largest portion of the mineral matter or its 
derived species react to form the glassy particulates of 
fly ash. The fly ash and volatile species in the flue gases 
tend to deposit on the tube surfaces in a selective man- 
ner and subsequent reactions between these materials 
occur over long periods of nme. 

In the formation of corrosive deposits, fly ash first 
deposits on the superheater and reheater tubes. Slowly, 
over a period of weeks, the alkalies and the sulfur 
oxides diffuse through the layer of fly ash toward the 
tube surface. In the lower temperature zone of the ash 
deposit, chemical reactions between the alkalies, the 
sulfur oxides, and the iron and aluminum components 



of the fly ash result in the formation of the complex 

alkali sulfates as follows : 

CD 3^0, + FesO, + 3S0 3 - 2K 3 Fe(SO«) 3 

and (2) K 2 SO 4 -t-Al 2 0 3 + 3S0 3 -'2KAUSO 4 ); 

Similar reactions occur with sodium sulfate (Na 2 SO«). 
although the complex sodium sulfates are less apt to 
form at high temperatures because of their lower sta- 
bility. 

Recent work at B«Ws Research Center has shown 
that SO s concentrations in ash deposits must be very 
high (1000-1500 ppm), compared to the level in the 
flue gas (10-25 ppm) in order to form the complex 
alkali sulfates in the intermediate layer. Hence the bulk 
of the S0 3 must come from the catalytic oxidation of 
SO* in the outer layer of the deposit. 

When the S0 3 produced in the outer deposit exceeds 
die partial pressure of S0 3 over the intermediate de- 
posit, the complex sulfates form via reactions (1) and 

(2) above. When the opposite is true, the complex 
sulfates begin to decompose, according to the reverse 
of reactions (1) and (2). until a new equilibrium » 
reached. Since die formation of S0 3 is temperature de- 
pendent, the reversibility of these reactions is also tem- 
perature dependent. As shown in Fig- 26. the corrosion 
rate increases with temperature, passes through a maxi- 
mum between 1250 and 1350F. and then falls to a 
comparatively low level at higher temperatures. 

The destructive reactions between the complex alkali 
sulfates and the tube metal and its oxides have not been 
fully defined. A number of theories have been advanced 
to account for the composition of the corrosion products 
and the high rate of metal wastage. One that has been 
tentatively accepted is shown below: 

(3) 3Fe + SO«- — Fe^ + S- 
(Tube Metal) (Molten Complex (Black Classy 

Sulfate) tayer) 

The temperature range of this rapid liquid-phase attack 
is bracketed by (a) the melting temperature of the 
mixture of complex alkali sulfates present, and (b) their 
thermal-stability limits. The extreme width of this 
temperature band is approximately 400F. or corrosion 
due to the complex alkali sulfates may range from as 
low as 1000F to a maximum of HOOF, depending on the 
species present in the intermediate layer. 

Corrective measures 

Various methods of combatting corrosion of superheater 
and reheater tubes have been used or suggested, includ- 
ing the following: 

1. The use of stainless steel shields to protect the most 
vulnerable tubes. 

2. Coal selectivity and the grinding of coals to a finer 
size 

3 Improve combustion conditions. i.e.. provide fast 
ignition, good mixing, and proper excess air. 

4. Injection of additives (mainly magnesium- and calci- 
um-bearing minerals) into furnace gases or directly 
on the tubes thiough sootblowcrs 
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5 The use of more corrosion-resistant alloys and ceramic 
coatings on the most vulnerable superheater and re- 
heater tubes. 

Low temperature coal-ash corrosion is covered in 
Chapter 13. 

Fuel-oil ash 

The ash content of residual fuel oil seldom exceeds 
0-2%, an exceedingly small amount compared to that m 
coal. 'Nevertheless, even this small Quantity of ash is 
capable of causing severe problems of external deposits 
and corrosion m boilers. Of the many elements that may 
appear in oil-ash deposits, the most important are 
vanadium, sodium, and sulfur. Compounds of ttese 
elements are found in almost every deposit in boilers 
fired by residual fuel oil and often constitute the major 
portion of these deposits. 
Origin of ash 

As with coal, some of die ash-forming constituents in the 
crude oil bad their origin m animal and vegetable matter 
from which the oil was derived. The remainder is ex- 
traneous material resulting from contact of the crude 
oil with rock structures and salt brines, or picked up 
during refining processes, storage and transportation. 

In general, the ash content increases with increasing 
asphaltic constituents in which the sulfur acts largely as 
a bridge between aromatic rings. Elemental sulfur and 
hydrogen sulfide have been identified in crude oil, and 
simpler sulfur compound> are found in the distillates of 
crude oil including thio-esters, disulfides, thiophenes 
and mercaptans- . . - 1 

Vanadium, iron, sodium, nickel and calcium in tuei 
oil were probably derived from the rock strata but some 
elements such as vanadium, nickel, zinc and copper 
probably carne from organic matter from which the 
petroleum was derived Vanadium and nickel especially, 
are known to be present in organcwnetallic compounds 
known as porphyrins which are characteristic of certain 
forms of animal life. Table 8 indicates the amounts of 
vanadium, nickel and sodium present in residual fuel 
oils from various crudes. 

Table 8 

Vanadium, nicKd and soUium content 
of residual fuel oils 
[parts per million oy weignt) 



Source of 
Crude Od 


Vanadium 


Nickel 


Sodium 


Africa 

1 

0 


55 
1 


5 
5 


22 


Middle East 
3 
4 
5 


7 

173 
47 


51 
10 


1 
8 


United Sutcs 
6 
7 
8 


13 
6 
11 


2.5 


350 
120 
04 


Venezuela 
9 

10 
11 
12 
13 


57 
380 
113 

93 


6 
13 
60 
21 


480 
72 
70 
49 
38 



Crude oil as such is not normally used as a fuel but 
b further processed to yield a wide range of mors 
valuable products. For example, in a modem U.S. re- 
finery the average product yield, as a percentage of total 
throughput, is: 

Gasoline 

Lube oil fraction 

Jet fuel 

Kerosine 

Distillates 

Residual fuel 

Virtually all metallic compounds and a large part ^of 
the sulfur compounds are concentrated in the distilla- 
tion residue, as illustrated for sulfur in Table 9. Where 
low-sulfur residual fuel oils are required, they are ob- 
tained by blending with suitable stocks, including both 
heavy distillates and distillation from iow-swfur crudes. 
This procedure is also used occasionally if a residual 
fuel oil must meet specifications such as vanadium, or 
ash content. 



percentage i 

44.4 
16.4 

6.2 

2.9 
22.5 

7.6 



Table 9 ... 
Sulfur content in fractions of Kuwait crude on 

Total Sulfur 
% by Weight 



Fraction 



Dwullauon 
Range^F 



Crude oil 
Cavohne 
Light naphtha 
Heavy uuphrfu 
Kisroinc 

lA%h% od 

Heavy cas oil 
Roidua) od 



124-253 
257-300 
307-387 
405-460 
477-516 
538-583 
588-928 

Source, Article by F. E- Hugh, Shell Reh^R and Market- 
ing Co.. Ltd.. Ch*m*nt and JnoWn,, March 28. 1955, page 
333. 



255 
0.05 
0.05 
0.11 
0.45 
0 85 
1-15 
3.70 



Release of ash during combustion 

Residual fuel oil is preheated and atom^ed to provide 
enough reactive surface so that it will burn completely 
within the boiler furnace. The atomized fuel oil burns 
in two stages/In the first stage the volatile portion burns 
and leaves a porous coke residue, and m the second 
stage the coke residue burns. In general, the rate ot 
combustion of the coke residue is inversely proportional 
to the square of its diameter, which in turn is related to 
the droplet diameter. Thus, small fuel droplets give nse 
to coke residues that burn very rapidly and the a*n- 
forming constituents are exposed to the highest tempera- 
tures in the flame envelope. The ash-forming constituents 
in the larger coke residues from die larger f uel drooiets 
are heated more slowly, partly in association with carbon. 
Aelease of the ash from these residues is determined Dy 
the rate of oxidation of the carbon. 

During combustion, the organic vanadium compounds 
m the residual fuel oil thermally decompose and oxidize 
in the gas stream to V 2 0» V 2 0« and finally Vo0 5; Al- 
though complete oxidation may not occur and Were 
may be some dissociation, a large part of the vanadium 
originally present in the oil exists as vapor phse Yrt 
in the floe gas. The sodium, usually present as chloride 
2 the oil. Vaporizes and reacts with ^ 
in the gas stream or after deposition on tube surface 
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Subsequently, reactions take place between the vana- 
dium and sodium compounds with the formation of 
complex vanadates having melting points lower than 
those of the parent compounds, for example: 

(4 ) Na 2 SO a + V»0 5 - 2KaVO s + S0 3 J 

Melting Points 1625F 1275F 1105F 

Excess vanadium or sodium in the ash deposit, above 
that necessary for the f ormauon of the sodium vanadates 
(or vanadyl vanadates), may be present as V 2 0 5 and 
NaaSO*, respectively. 

The sulfur m residual fuel is progressively released 
during combustion and is promptly oxidized to sulfur 
dioxide (SO*). A small amount of sulfur dioxide is 
further oxidized to SO, by 4 small amount of atomic 
oxygen present in the hottest part of the flame. Also, 
"catSytic 'oxidation of 50 3 to SO* may occur as the flue 
gases pass over vanadium-rich ash deposits on high- 
temperature superheater tubes and re&actories. 

Oil-slag formation and deposits 
Hie deposition of oil-ash constituents on the furnace 
walls and superheater surfaces has been a serious prob- 
lem in recent years. This deposition, coupled with cor- 
rosion of superheater and rebeater tubes by deposits, 
was largely responsible for the break in the trend to- 
wards higher steam temperatures that occurred in the 
early I96ffs. . 

Practically all boiler installations are now designed tor 
steam temperatures in the 10D04015F range to minimize 
those problems and to avoid the higher capital costs of 
die more expensive alloys required in tubes, steam pip- 
ing, and turbine for 105O-110OF steam conditions. 

There are many factors affecting oil-ash deposition on 
boiler heat absorbing surfaces. These factors may be 
grouped into the following interrelated categories; 

1. Characteristics of the fuel oil. 

2. Design of the boiler. " 

3. Operation of the boiler. 

Characteristics of fuel-oil ash 

Sodium and vanadium are the most significant elements 
in the fuel oil because they can form complex com- 
pounds having low melting temperatures, 480-1250F, as 
shown in Table 10. Such temperatures fall within the 
range of tube-metal temperatures generally encountered 
in furnace and superheater tube banks of many oil-fired 
boilers. However, because of its complex chemical com- 
position, fuel-oil ash seldom has a single sharp melting 
point, but rather softens and melts over a wide tem- 
perature range. 

An ash particle that is in a sticky, semi-molten state at 
the tube-surface temperature may adhere to roe tube if 
it is brought into contact by the gas flow over the tube. 

Even a dry ash particle may adhere due to mutual at- 
traction or surface roughness. Such an initial deposit 
layer will be at a higher temperature than that of the 
tube surface because of its relatively low thermal con- 
ductivity. This increased temperature promotes the 
formation of adherent deposits. Thus, fouling will con- 
tinue until the deposit-surface temperature reaches a 
level at which all of the ash in the gas stream is in a 



Table 10 

Wetting points of some oil-ash constituents 



Compound 



Melting Point. F 



Aluminum owle, AI2O3 
Aluminum sulfate, Ab( 50^)3 
Calcium oxide. CaO 
Calcium >ulf8te, CaSO* 
Ferric o*ide, FejOs 
Feme sulfate, F«2(S0 4 )3 
Nickel wide, NiO 
Nickel sulfate. NiSO* 
Silicon dioxide, SiO* 
Sodium sulfate. Na^SO* 
Sodium bisulfate. NeHSO* 
Sodium pyrojulfate, N«2Si07 
Sodium ferric sulfaw, NasFelSO* )s 
. Vanadium tncmde, Y2O3 
Vanadium tetroxid*, V2O4 
Vanadium pent o n dc, V2O5 
Sodium metavanadate, Na20-V 2 0s(NaV03) 
Sodium pyrovauadaie, 2Na20 V20s 
Sodium orthovanadaie, 3Na20'V20s 
Sodium vaoadylvanadatss, 
Na2O-V 2 0 v V205 

5Na20V204-HV205 595 
9 Decomposes at a temperature around the melting point. 



3720 
1420* 
4662 
2540 
2850 
895' 
3795 
1545* 
3130 
1625 
480' 
750' 
1000 
3580 
3580 
1275 
1135 
1185 
1560 



1160 



molten state so that die surface is merely washed by 
the liquid without freezing and continued buildup. 

In experimental furnaces it has been found that the 
initial rate of ash buildup was greatest when the sodium- 
vanadium ratio in the fuel oil was 1 to 6, but an equilib- 
rium thickness of deposit {% to % in. thick) was 
reached in approximately 100 hours of operation. When 
the fuel oil contained more refractory constituents such 
as silica, alumina, and iron oxide in addition to sodium 
and vanadium, an equilibrium condition was not reached 
and the tube banks ultimately plugged with ash deposits. 
However, these ash deposits were less dense, i.e., more 
friable than the glassy slags encountered with a 1 to 6 
sodium-vanadium fuel oiL Both the rate of ash buildup 
and the ultimate thickness of the deposits are also in- 
fluenced by physical factors such as the velocity and 
temperature of the flue gases and particularly the tube- 
metal temperature, . 

In predicting the behavior of a residual oil insofar as 
slagging and tube-bank fouling are concerned, several 
fuel variables are considered including (1) ash content, 
(2) ash analysis, particularly the sodium and vanadium 
levels and the concentration of major constituents, (3) 
melting and freezing temperatures of the ash, and (4) 
the total sulfur content of the oil. Applying this informa- 
tion in boiler design is largely a matter of experience. 

Boiler design 

Generally speaking, progressive fouling of furnaces and 
superheaters should not occur if the tube-metal tempera- 
tures do not exceed 1000F. If such trouble is encoun- 
tered, the solution can usually be found in onp-oving 
combustion conditions in the furnace and/or modifying 
the sootblowing procedures. 

Studies on both laboratory and field installations have 
shown that the rate of ash deposition is approximately 
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proportional to the velocity and temperature of the flue 
gases, and the concentration of oil-ash constituents in 
die flue gases. The geometry of the furnace and the 
spacing of tubes in the convection banks are selected in 
the design of a boiler to rnirurnize the rate of deposition. 
It is common practice to use in-line tube arrangements 
with progressively wider lateral spacings for tubes lo- 
cated in higher gas-temperature zones. This malces 
bridging of ash deposits between tubes less likely and 
facilitates cleaning of tube banks by the sootblowers. 

Boiler operation 

Poor aromi2ation of the fuel oil results in longer flames 
and frequently increases the rate of slag buildup on 
furnace walls which, in turn, makes it more difficult to 
keep the convection sections of the boiler clean. Com- 
pleting combustion before the gases pass over the first 
row of tubes is especially important. Relatively large 
carbonaceous particles have a far greater tendency to 
impinge on the rubes than do the smaller ash particles. 
If these larger particles are in a sticky state, they will 
adhere to the tube* where oxidation will proceed at 3 
slow rate with consequent formation of ash. Fouling 
from this cause is difficult to detect by inspection during 
boiler outages because the carbonaceous material has 
usually disappeared completely. It can generally be 
detected during operation since flames are usually long 
and smoky and sparklers may be carried along in the 
flue gases. 

Regular and thorough sootblowing can have a de- 
cisive effect on superheater and reheater fouling. To be 
fully effective, however, sootblowing cycles should be 
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frequent enough so that ash deposits cannot build up to 
a thickness where their surfaces become semi-molten. If 
this point is reached, complete removal of the ash de- 
posit can be very difficult because the sootblowers now 
have a dual task to perform; (1) to cool the surface of 
the deposit below its freezing temperature and (2) to 
shatter the now solid mass of slag and break its bond 
to the tube surface. In instances of extreme slagging, it 
is sometimes necessary to relocate sootblowers, install 
additional sootblowers to control deposition in a critical 
zone, or to use additives. 

The boiler load cyde can also have a significant ef- 
fect on the severity of slagging and superheater fouling. 
A unit that is base-loaded for long periods is more apt 
to have fouling problems on a borderline fuel oil than a 
unit that takes daily swings in load. In the latter in- 
stance, the furnace. ce.neraUy . remains cleaner due to 
periodic shedding of "slag, with the result that the gas 
temperatures through the superheaters are appreciably 
lower. Tbii eases the burden on the sootblowers and 
goes a long way towards controlling ash-deposit forma- 
tion in the superheater-reheater tube banks. Overload- 
ing the boiler, even for an hour or two a day, should be 
avoided, especially if excess air has to be lowered to the 
point where some of the burners are starved of air. The 
furnace is apt to become slagged and ash deposition 
creeps into the superheater and reheater tube banks. 

Oil-ash corrosion 

High-temperature corrosion 

The sodium-vanadium complexes, usually found in oil- 
ash deposits, are corrosive when molten. The corrosion 
mechanism is probably one of accelerated oxidation of 
metal brought about by oxygen transfer to its surface by 
the constituents in the molten ash, accompanied by the 
removal by the ash of the- normal protective oxide coat- 
ing on the metal surface. 

Corrosion can also be caused by sulfate attack, par- 
ticularly when sodium (or some other) chloride is also 
present in the fuel oil, and this may occur at metal tem- 
peratures as low as 1000F. This type of corrosion is more 
apt to be encountered on boilers burning a low-vana- 
dium fuel od but containing several hundred ppm of 
sodium chloride. Even when the chloride content of the 
fuel oil is negligible, sulfate corrosion may still be 
severe when reducing or alternating oxidizing-reducing 
conditions prevail around the tubes. 

A measurable corrosion rate can be observed over a 
wide range of metal and gas temperatures, depending 
on the amount 3ud composition of the oil-ash deposit. 
Fig. 28 shows the combined gas and metal temperature 
effects on corrosion for a specific fuel oil composition of 
150 ppm vanadium, 70 ppm sodium, and sulfur. 
As the vanadium concentration of the fuel oil varies, the 
amount of corrosion, compared to a 150-ppm vanadium 
fuel, will increase or decrease according to the curve 
shown in Fig. 29. , , 

The effect of the sodium level m the fuel oil is not 
quite so clear-cut because combustion conditions and 
the chloride content of the fuel oil may be controlling. 
The sodium content does, however, definitely affect the 
minimum metal temperature at which corrosion will be 
significant 
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Fig. 29 Effect of vanadium concentration on oil-ash corrosion. 

At the present time there does not appear to be any 
alloy that is inwnune to o4-asb corrosion. In general, the 
Weber the chromium content of the alloy the more re- 
sistant it is to attack This is the main reason for the 
use of l8Cr-8Ni alloys for high-temperature superheater 
tubes. High chromium contents, greater than 30%. 
Eive added corrosion resistance but at the expense of 
Physical properties 25Cr-20Ni has been used as a tube 
cladding but even this alloy has not provided complete 
wc-tecnon. The presence of nickel in high-temperature 
alloys is needed for strength. High-nickel alloys may be 
fairly resistant to oil-asb attack under oxidizing comu- 
tions but they are liable to sulfide attack brought about 
bv local reducing conditions or by the presence of 
chloride in the ash deposit. Since »t is difficult to avoid 
such conditions entirely, high-nickel content of alloys 
may be of limited value. In any event, the higher ma- 
teria cost must be justified by longer life, which is not 
always predictable. 

Low-temperature corrosion 

In oil-fired boilers the problem of low-temperature cor- 
rosion resulting from the formation and condensation of 
sulfuric acid from the flue gases is similar to that pre- 
viously described for coal firing. 

Oil-fired boilers are more susceptible to low-tempera- 
ture corrosion than are most coal-fired units for two 
reasons: (1) the vanadium m die oil-ash deposits is a 
good catalyst for the conversion of SO» to SO s and (2) 
mere is a smaller quantity of ash in the flue gases. Ash 
particles in the flue gas reduce the amount of S0 3 vapor 
to the gas. Since oil has considerably less ash than coal, 
significant differences would be expected. Furthermore, 
coal ash is more basic dian oil ash and tends toneu- 
trabae any acid deposited. oil ash generally lacks this 
capability. 

Under certain conditions, oil-fired boilers may emit 
acidic particulates from their stacks that stain or etch 



painted surfaces in the neighborhood of the plant. The 
acidic deposits or smuts are generally caused by metallic 
surfaces (air heaters, flues and stacks) operating well 
below the acid dew point of the flue gases or by soot 
winch has absorbed sulfuric acid vapor in its passage 
through the boiler. Methods that can be used to prevent 
acid-smut emission include: 

1. Minimize S0 3 formation in the flue gases, 

2. Neutralize S0 3 in flue gases, 

3. Maiutain all surfaces in contact with the flue gases 
above about 2S0F and, 

4. Completely bum fuel oil to eliminate soot particles. 

Methods of control 

The methods of control that have been used .or proposed 
to control fouling and corrosion in oil-fired boilers are 
summarized in Table 11. but in every instance econom- 
ics governs their applicability. There is no doubt that 
reducing the amount of ash and sulfur entering the tur- 
nace is the surest means of control and that munmizuig 
the effects of the ash constituents, once they have de- 
posited on the tubes, is the least reliable. Since the se- 
verity of fouling and corrosion depends not only on the 
fuel-oil characteristics but also on boiler design and op- 
erating variables, a generalized solution to these prob- 
lems cannot be prescribed. 

TaWo 11 

Classification Of method* tpr W»WDll«nj foul.ng 
and corrosion in Oil-fired boiler* 



Reduce amount of 
fuel iisli constituents 
iq the fvnece 



Minima* amounts of fuel 
ash consnxuenu reaching 
Ileal transfer surfaces 



Muimtttc effect* of 
boning *nd corru*ive 
compounds xn ash deposits 
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Fuel Oil Supply 

Selection 
Blending 
Purification 

Design 

Furnace geometry 
Tube bank arrangement 
Metal temperature 
Ca» temperature 
Sootblowcr arrangement 

Operation 

Load cycle 
SootblcAviug schedule 
Combtfsno»~E*c«« 
Additives 
Water cashing 



Fuel oil supply 

Although fuel selection and blending are proceed to 
*orn* extent in this country, it is done to provide saf e 
and reliable handing god storage at the 
rather than to avoid fouling difficulties. Since the thresh- 
old limits of sodium, sulfur and vanadium are iiot ac- 
curately defined for either fouling or corrosio n, Ra- 
tion of the* means of control cannot be fully 

Processes arc available for both the dcsulfunzaucm 
and de-ashmg of fuel oik. Water washing of resriual 
fuel oil has been successfdly applied to a few rnarme- 
type boilers, but it is doubtful that * will be widely u^ed 
Wbause only sodium and sediment, mainly rust and 
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sand, are removed by the process. Use of low-sulfur, 
low-ash exudes and desulfurized fuel oil is expected to 
increase {see also Chapter 18). 

Fuel oil additives 

The practice of water washing out of service and, to a 
limited extent, in service has been beneficial in over- 
coming some of the troubles experienced with present 
oil fuels. In addition, continued study of the problem 
has revealed another approach that is effective where 
the fuel-oil ash is most troublesome. In brief, the method 
involves adding to the fuel or furnace small amounts of 
materials that change die character of the ash suffi- 
ciently to permit its removal by steam or air sootblowers 
or air lances. 

Additives are effective in reducing the troubles asso- 
ciated with superheater fouling, high-temperature, ash 
corrosion, and low-temperature sulfuric acid corrosion. 
Most effective are alumina, dolomite and magnesia. Kao- 
lin is also a source of alumina. Analyses of typical super- 
heater deposits from a troublesome fuel oil, before and 
after treating it with alumina or dolomite, are shown 
in three bar graphs at the left in Fig, 30. The results for 
a different oil treated with magnesia are shown in the 
bar graph at the right. 
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Fig. 30 Eftect of fuei-o«i additives on composition of oil-ash 
deport. 

The reduction of fouKng and high-temperature cor- 
rosion is accomplished basically by producing a high- 
melting-point ash deposit that is rx>wdery or friable and 
easily removed by sootblowers or lances. When the ash 
is dry, corrosion is considerably reduced. 

Low-temperature sulfuric-acid corrosion is reduced by 
the formation of refractory sulfates by reaction with the 
SOg gas m the flue-gas stream. By thus removing the 
S0 3 gas. the dew point of the flue gases is sufficiently 
reduced to protect die metal surfaces. The sulfate com- 
pounds formed are relatively dry and easily removed by 
the normal cleaning equipment. 



In general, the amount of additive used should be . 
about equal to the ash content of the fuel oiL In some 
instances, slightly different proportions may be required 
for best results, especially for high-temperature corro- 
sion reduction, m which it is generally accreted that 
the additive should be used in weight ratios of 2 or 3 to 
1. based on the vanadium content of rhe oil. 

Several methods have been successfully used to intro- 
duce the additive materials into die furnace. The one 
in general use consists of metering a controlled amount 
of an additive oil slurry into the burner supply line. The 
additive material should be pulverized to 100% through 
a 325-rnesh screen (44 microns) for good dispersion and 
minimum atomizer wear. 

For a boiler fired by a high-pressure return-flow oil 
system, it has been found advantageous to introduce the 
additive powders by blowing them i&to the fuftiafce at 
the desired locations. The powder has to be 100% 
through a 325-mesh screen for good disperse 

A third, and more recent method, is to introduce the 
additive as a water slurry through specially adapted 
sootblowers or lances. This method offers the advantage 
of applying the additive in exacdy the location desired, 
with a possible reduction in the quantity required- Some 
caution should be observed with this system to prevent 
possible thermal shock (quench-craddng) damage to 
the hot tubes. The presence of chlorides in the water 
slurry, from either the water or the additive material, 
could possibly produce stress-corrosion craclang of aus- 
tenitic tubing 3nd should be considered. 

The choice of the particular addirive material depends 
on its availability and cost to the individual plant and 
the mcdiod of application chosen. For example, alumina 
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Fig. 31 Effecr of low excess air comOustion on nigh-temper- 
ature oil-ash corrosion. 
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causes greater sprayer-plate wear than the other ma- 
terials when used in an oil slurry. 

The quantity of deposit formed is, of course, an im- 
portant consideration for each individual unit from the 
Cpect of cleaning. A comparison of the amounts of de- 
posit formed with different additives shows that dolo- 
mite produces the greatest quantity because of its sul- 
fating ability, alumina and kaolin form the least, and 
magnesia is intermediate. However, when adequate 
cleaning facilities are available, the deposits are easily 
removed, and the quantities formed should not be a 
problem. 

Excess-air control 

As mentioned previously the problems encountered in 
the combustion of residual fuels -high-temperature de- 
posits (fouling), Wgh-temperawre corrosion, and low- 
temperature sulfuric-acid corrosion -all arise from the 
presence of vanadium and sulfur in their highest states 
of oxidaoon. By reducing die excess air from 1% to 1 or 
2%, it is possible to avoid the formation of fully oxi- 
dized vanadium and sulfur compounds and, thereby, 
reduce boiler fouling and corrosion problems. 

In a series of tests on an experimental boiler, it was 
found that the maximum corrosion rate of type 304 
stainless steel superheater alloy held at 12S0F in 2100F 
flue gas was reduced more than 75% (see Fig. 31) when 
the excess air was reduced from an average of 1% to 
a level of X to 2fc. Moreover, the ash deposits that 
formed on the superheater bank were soft and powdery, 
in contrast to bard, dense deposits that adhered tena- 
ciously to the tubes when the excess air was around 77c 
Also, the rate of ash buildup was only half as great. Op- 
eration at the 1 to 2% excess air level practically elimi- 
nated low-temperature corrosion of carbon steel at all 
metal temperatures above the water dew point of the 
flue gases ( Fig. 32 ) . However, much of - the beneficial 
effects of low excess-air combustion are lost if the excess 
air at the biirner fluctuates even for short period^ of time 
to a level of about 5%. Carbon loss values for low ex- 




F«. 32 Effect of wcess air on low-temperature corrosion of 
carbon steel. 

cess air were approximately 03%, which is generally 
acceptable for electric utility and industrial practice. 

A number of large industrial boilers both in this coun- 
try and in Europe have been operating with low excess 
air for several years. As a result, the benefits in reducing 
tow-temperature corrosion are well established for units 
with steam temperatures of 1000F or less. However the 
benefit* on high-temperature slagging and corrosion are 
not wholly conclusive. In any event, great care must be 
exercised to distribute the air and fuel oil equally to the 
burners,- and combustion conditions must be continu- 
ously monitored to assure that combustion of the fuel is 
.complete before^the combustion gases enter the convec- 
tion tube banks. 
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